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ABSTRACT 
The main objective of the thesis is  to d evelop a knowledge base for the design of 
asphalt concrete mixtures suiti ng various types and causes of pavement distress 
and to d evelop support ing guide l i nes for the selection of aggregate types, 
g radation and b inder  contents for desirab le mixture properties . 
To ach ieve th is o bjective, a two-level model was d eveloped . The upper-level is a 
Factor ia l  Experimental Design Model (FEDM)  for the pavement cond it ion 
evaluation. It can be used as a p rediction tool  to estimate the Pavement 
Cond it ion Index (PC I ) , and d etermine the percentages of the types of d istresses 
(Load , Env i ronmental, Others) .  The upper-level model was cal i b rated by 
cons ideri ng 4 factors with d ifferent l evels :  pavement type (two types) ,  age (three 
leve ls ) ,  ESAL (th ree leve ls ) ,  and structural number (th ree levels). The range of 
the various levels and the rationale for level select ion were presented . 
The lower level is  an  F EDM model to estimate the various mixture propert ies 
(such as the stab i l ity, loss of stab i l ity, rutt ing res istance, etc) consider ing the 
variations i n  the aggregate sources (th ree sources) ,  aggregate g radation (three 
g radations)  and b inder  content (three levels) .  The statistical s ign ificance of al l the 
developed FEDM models were d iscussed in deta i l s ,  and conclusions on how to 
improve the fitness of these models were made. The interact ion effects among 
the facto rs of the various models were also d iscussed . 
I I  
The data to cal i b rate the upper-level FEDM model  were collected by investigating 
the h ighway const ruction records at Duba i M unicipal ity, calculat ing the traffic 
measures (ESAL) and assessing (cross referencing) the pavement cond ition 
index as wel l  as the d ifferent types of d istresses. The data to calibrate the lower­
l evel sets of models were col lected by carry ing out a set of experiments using the 
M a rshall testing device , the Gyratory compactor, and the Asphalt Pavement 
Analyzer. The exper imental design,  the p reparation of the specimens,  the 
p rocedures of the various experiments, and the results were a lso discussed in 
d eta i ls .  
The main contribution of  th is research work is  the development of  these FEDM 
models that can be used in  a systematic way to predict pavement performance,  
and to identify of the most probable d i stress causes . Hence, design the mixtures 
with focus on enhancing the mix  propert ies to "resist" the identified most 
p robable d istress causes. 
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Contents 
1 I ntrod u ction 1 
1 1 Problem Defin ition 1 
1 .2 Motivation . 3 
1 . 3 Objectives. 5 
1 .4 Research Overview and Thesis Organization . 6 
2 Review of the State-of-the-Arts on Pavement M i xtu re 
Des i g n, Testi ng a n d  Performa nce Eva l uation 8 
2 . 1 Introduction . 8 
2 .2  Methods of asphalt mixture design .  8 
2 .2 . 1 Hveem mix design. 1 0  
2 . 2 . 2  Marshall mix design. 1 1  
2 .2 .3  Superpave Mix Design. 1 4  
2 .2.4  Marshal l and Superpave mixture properties testing . 1 9  
2 . 3  Wheel Tracking Devices 27 
2 . 3 . 1 Asphalt Pavement Analyzer 27 
2 . 3 . 2  F rench Rutting Tester 28 
2 . 3 . 3  Georgia Loaded Wheel Tester 29 
2 . 3.4 Hamburg Wheel-Tracking Device 30 
2 .3.5 Testing Asphalt Paving Mixtures with Loading Wheel 
Devices 
2.4 Distresses Definitions and Causes 






2 4 . 2  Raveling and Weathering 39 
2 .4  3 Bleed ing 40 
2 .4  4 Depression 41  
2 4 .5  Al l igator cracking 41 
2 4 .6  Longitud inal & Transverse cracking 42 
2 4. 7  Polished aggregate 43 
2 .5  Methods to Improve Mix Performance 44 
2 . 5 . 1 Replacing Mineral Fi l ler with Lime Hydrated 45 
2 . 5 . 2  Effect of Steel Slag Use as Aggregate 47 
2 . 5 . 3  Sulfur Modified Bottom Ash Use 48 
2 . 5 . 4  Aggregate Type and Gradation 49 
2 .6 Mod ified Asphalt M ixtures 57 
2 . 6 . 1 Polymer Mod ified Asphalt 57 
2 .6 .2  Rubber mod ified 6 1  
Experim e nta l Work M ethodology 63 
3. 1 Experimental Work Overview 63 
3 .2  Marshal l  Tests 65 
3 .3  Superpave Gyratory Compaction 76 
3 .4 Asphalt Pavement Analyzer (APA) Testing 83 
Experim e ntal Resu lts 86 
4. 1 I ntroduction 86 
4 .2 Marshal l  Testing Results 86 
4 . 2 . 1  R.A. K aggregate 86 
IV 
4 2 .2  FUjalrah aggregate 
4 .2  3 AI-Ain aggregate 
4.3 Superpave Gyratory Compactor (SGC) Preparation 
88 
89 
Results 9 1  
4 4  Asphalt Pavement Analyzer (APA) Testing Results 94 
4 .4 . 1 APA Results for RAK Aggregates 94 
4 .4 .2  APA Results for Fujai rah Aggregates 97 
4 .4 .3  APA Results for AI Ain Aggregates 1 01 
4 . 5  Conclud ing Remarks 1 04 
5 Pavement Data Col lection a n d  D istress 
Eva l uat ion 105 
1 05 
1 06 
5 . 1  I ntroduction 
5.2 Data Col lected 
6 Factori a l  Experi m e nta l Des i g n  Models 1 1 2  
6. 1 Factorial Experimental Model for Mix Design 1 1 2  
6 . 1 . 1  Formulation of the FEDM for Mix Design 1 1 2 
6 . 1 . 2  Discussion of Results of the FEDM 
for Mix Design 1 1 4 
6 .2  Factorial Experimental Model for Distress 
Evaluation 1 22 
6 .2 . 1 Formulation of the FEDM for Distress 
Evaluation 1 23 
v 
7 
6 2 2 DIscussion of Resu lts of the FEDM 
for Distress Eva luation 
6 .3  Concl ud ing Comments 
Conc l us i ons a n d  Recommendations for 
F urthe r  stud ies 
7 . 1  Conclusions 
7 .2  Recommendations for Further stud ies 
Refe re n ces 
Appe n d i x  A 
Appe n d i x  B 
1 24 
1 29 
1 3 1  






List of Tables 
2 . 1 Marsha l l  Test Advantages and Disadvantages 
2 .2  Superpave G yratory Compaction Effort . 
2 .3  Recommended tests for Permanent deformation 
, Fatigue cracking and Stripping. 
3 . 1 Fuja i rah  Agg regate G rade Distribution (Marsha l l  Testing) .  
3 .2 R .A. K. Aggregate Grade D istribution (Marshal l  Test ing) 
3 .3  AI Ain Agg regate Grade D istribution (Marsha l l  Testing) .  
3 .4  AI-Ain "Lower" L imit  Agg regate Grade Distribution 
(Superpave Testing) .  
3 .5  AI-Ain "M iddle" L im it Aggregate Grade Distribution 
(Superpave Testing) .  
3 .6 AI-Ain "U pper" L im it Aggregate Grade Distribution 
(Superpave Testing) .  
3 .7 Fuja i ra h  " Lower" Limit Aggregate Grade Distribution 
(Superpave Testing) .  
3 .8  Fuja i ra h  "M idd le" Limit Aggregate Grade D istribution 
(Superpave Testing) .  
3 .9  Fuja ira h  "Upper" Limit Aggregate Grade D istribution 
(Superpave Testing) .  
3. 1 0  R.A. K " Lower" L im it Aggregate Grade D istribution 
(Superpave Testing) .  
3. 1 1  R.A. K "M iddle" L imit  Aggregate Grade Distribution 
(Superpave Testing) .  
V I I  
1 3  














3 . 1 2  R .A. K "Upper" l im it Aggregate Grade Distribution  
(Superpave Test ing) 79 
3 . 1 3  Specimen Density Ca lculation (Fuja i rah  "Middle" 
l imit Aggregates) 8 1  
4 . 1  Marsha l l  resu lts for R .A. K aggregate lower grade d istribution. 87 
4.2 Marsha l l  results for R .A. K aggregate m iddle grade d istribution. 87 
4.3 Marsha l l  results for R . A. K aggregate upper grade d istribution. 87 
4 .4 Marsha l l  results for Fuja irah aggregate lower grade d i stribution. 88 
4 .5  Marsha l l  results for Fuja i rah  aggregate middle g rade d istribution.  88 
4.6 Marsha l l  resul ts for Fuja i rah  aggregate upper grade d istribution .  89 
4 .7  Marsha l l  results for AI-Ain aggregate lower grade d istribution. 90 
4 .8 Marsha l l  results for AI-Ain aggregate m iddle g rade d istribution.  90 
4 .9 Marsha l l  results for AI-Ain aggregate upper grade d i stribution. 90 
4 . 1 0  SGC density calculations  for the R.A. K. lower grade d istribution. 91 
4. 1 1  SGC dens ity calculations for the R.A. K. middle grade d istribution. 92 
4. 1 2  SGC density calcu lations for the R.A . K. upper grade d istribution.  92 
4. 1 3  SGC densi ty calculations for the Fuja i rah lower grade d istribution. 92 
4. 1 4  SGC dens ity calculations  for the Fuja i rah middle g rade  d istribution.  92 
4 . 1 5  SGC density calculations for the Fuja irah upper g rade d istribution.  93 
4. 1 6  SGC dens ity calcu lations for AI-Ain lower grade d istribution. 93 
4. 1 7  SGC dens ity calculations for AI-Ain m iddle grade d i stribution. 93 
4. 1 8  SGC dens ity calculations for AI-Ain upper g rade d istribution. 93 
4.19 RAK M ixture Rut Depths ( Lower Limit Grade Distri bution). 95 
4.20 RAK Mixture Rut Depths (Middle L im it Grade Distribut ion) .  96 
4 2 1  RAK Mixture Rut Depths (Upper limit Grade Distribution) .  97 
4 22 FUJairah Mixture Rut Depths (Lower limit Grade Distribution). 98 
4 .23 FUJa irah M ixture Rut Depths (Middle L imit Grade Distribution) . 99 
4 .24 Fuja irah  M ixture Rut Depths (Upper L imit Grade 
Distribution) .  1 00 
4 .25  AI-Alln M ixture Rut Depths (Lower limit Grade Distribution) 1 01 
4 .26 AI-Al in  Mixture Rut Depths (Middle L imit Grade Distribution). 1 02 
4 .27 AI-Al in  M i xture Rut Depths (Upper L imit Grade Distri bution). 1 03 
5 . 1  I nput Factors and Response to the Pavement 
Condition F E DM. 1 09- 1 1 1  
6 . 1 Analysis of Variance (AN OVA) for the FEDM - Stab i l ity 1 1 6 
6 .2  Statist ical Results of the Lower level F itted Models 1 1 9  
6 . 3  AnalysIs of Variance (ANOVA) for the FEDM-PCI 1 26 
IX 
x 
List of F i g u res 
2 1 Marsha l l  Test Results. Mixture Properties vs Asphalt Content. 1 2  
2 2 Superpave Gyratory Compactor. 1 5  
2 3 SGC Mold Configurat ions. 1 6  
2 4 Superpave G radation L imit .  1 8  
2 5  Example of Gradations Pass Through ,  Above and Below 
the Restricted Zone. 
2 6 Aspha l t  Pavement Analyzer. 
2.7 LCPC ( French) Wheel Tracker (FRT) . 
2 . 8: Georgia  Loaded Wheel Tester (GLWT). 
2 9: Hamburg Wheel Tracking Device (HWTD). 
2 1 0 : Superfos Construction Rut Tester (SCRT) . 
2 . 1 1  Rutting D istress.  
2 . 1 2  Resu lts of APA Testing .  
2 1 3  Ravel ing Distress . 
2 . 1 4  Bleeding  D istress.  
2 . 1 5  Depression Distress .  
2 1 6  Al l igator Cracks Distress.  
2 . 1 7  Longitud ina l  Crack Distress .  
2 . 1 8  Transverse Crack Distress. 
2. 1 9  Pol ished Aggregate Distress. 
3. 1 AI Ain Aggregate G radations.  
3 .2  Fujairah Aggregate G radations. 
3.3 R .A .K .  Aggregate Gradations. 
3 .4  Aggreg ate in  Oven. 
3 .5  Aggregate S ieve Analyses. 
3.6 Aggregate Batch Weight . 
3.7 Heating Marsha l l  Mold .  
3 .8  Heating the  Asphalt Binder to 1 50·C. 
3 .9 Mixing the Asphalt Binder with the Aggregates. 
3. 1 0  Placing H ot Asphalt in Preheated Marsha l l  Mo ld .  
3 1 1  Mechanica l  Hammer. 

























7 1  
3 1 2  Specimens Immersed in Water Bath at 60°C.  
3 1 3  Marsha l l  Testing Device. 




Aggregate and Lower limit g rading.  75 
3 1 5  S ieve Distributions for the Various Aggregate Types . 76 
3 1 6  The Prepared Mold Centered Under the Loading Ram.  80 
3 1 7  Specimen Released from the Mold After Gyration.  81  
3 . 1 8  Sample of  the S uperpave Gyratory Compactor Results . 82 
3 . 1 9  Asphalt  Pavement Ana lyzer. 83 
3 .20 I nserting the Superpave Specimens into APA Molds 84 
3 .2 1  Specimens of AI-Ain Aggregate Mixtures after the APA Test. 85 
4 . 1  RAK Mixture Rut Depths (Lower Limit Grade Distribution) .  95 
4.2 RAK Mixture Rut Depths (Middle Limit Grade Distribution) .  96 
4.3 RAK Mixture Rut Depths (U pper Limit Grade Distribution) .  97 
4.4 Fuja irah Mixture R ut Depths ( Lower Limit Grade Distribution). 98 
4.5 Fuja i rah Mixture Rut Depths (Middle Limit Grade Distribution) . 99 
4 .6 Fuja irah Mixture R ut Depths (U pper Limit Grade Distribution) .  1 00 
4 .7  AI-Ain Mixture R ut Depths ( Lower L imit Grade Distribution) . 1 0 1  
4 8  AI-Ain Mixture Rut Depths (Middle L imit Grade Distribution) .  1 02 
4 .9  AI-Al i n  Mixture Rut Depths (U pper Limit Grade Distribution) .  1 03 
6 . 1  Stabi lity Factorial Experimenta l Design Model 1 1 5  
6 .2  F low Factonal Experimental Design Model 1 1 6 
6 .3  Stiffness Factoria l  Experimental Design Model 1 1 7 
6 .4 Loss of Stabi l ity Factoria l  Experimental Design Model 1 1 7 
6 .5  Rutti ng Factoria l Experimenta l Design Model ( l ight traffic 
cond itions - 2000 cycles) 1 1 8  
6.6 Rutting Factoria l  Experimental Design Model (Medium traffic 
cond it ions - 5000 cycles) 1 1 8 
6.7 Rutting Factoria l  Experimenta l Design Model (h igh ly congested 
traffic conditions - 8000 cycles) 1 1 9 
6 .8  Gradation Stabi l ity Relationships for the 3% Binder Mixtures 1 2 1  
6 .9  Gradation Sta bi l i ty Relationships for the 3 .5% Binder Mixtures 1 2 1 
XII 
6 1 0  Gradation Stabi l ity Relat ionships for the 4% Binder Mixtures 1 22 
6 1 1  Present Condition I ndex FEDM 1 25 
6. 1 2  Percentage of Load Related Distresses FEDM 1 27 
6. 1 3  Percentage of C l imate Related Distresses F E DM 1 27 
6 . 1 4  Other  Factors Related Distresses FEDM 1 27 
6 1 5  Pavement Age-PCI  Relationships for Various ESAL Levels 
(DBM Pavement Type and Structural Num.  = 4 .5  -7 .0) 1 28 
6 1 6  Pavement Age-PCI  Relationship for Various Pavement Age Level 
(SN= 4 .5- 7 and ESAL < = 1 , 000,000) 1 29 
X I I I  
Abbreviation 
PMS Pavement Management System .  
SGC Superpave Gyratory Compactor. 
HMA Hot Mix Asphalt. 
ESALs Equiva lent S ingle Axle Load . 
NMS Nomina l  Maximum Size. 
ARZ Above Restricted Zone. 
TRZ Through Restricted Zone. 
BRZ Below Restricted Zone. 
AI Asphalt I nstitute Fatigue Model .  
APT Accelerated Pavement Tester. 
APA Asphalt Pavement Analyzer. 
LWT Loaded Wheel Tester. 
FRT French Rutting Tester. 
GLWT Georg ia  Loaded Wheel Tester. 
HWTD H amburg Wheel Tracking Device. 
RLWT Rotary Loaded Wheel Test. 
FWT French Wheel Tracker. 
SSA Steel Stage Aggregate .  
L D  Linz-Donawitz s lag .  
P200 Mater ia ls passing 0 .075 mm (No .200) .  
APT Average Dai ly Traffic. 
AWl Aggregate Wear I ndex. 
SMA Stone Mastic Asphalt .  
PMA Polymer Modified Asphalt. 
R .A. K  Ras AI-Khaimah.  
FAA Fine Aggregate Angularity. 
FEDM Factoria l  Experimental Design Mode l .  
Chapter One 




With the cont inuous expansion of the hig hway infrastructu re in the U .A .E  and 
the scarcity of resou rces to bui ld new facilities while maintaining the existing 
ones operational at reasonable good conditions ,  there exists a considerable 
immediate need to devise effective methodologies for optim izing the 
resou rces (over the long term) a l located for pavement maintenance and/or 
rehabilitation . These systems are widely known by Pavement Management 
Systems (PMS) .  Among the key e lements in these systems are the 
rehabilitation methodologies for the design of the asphalt concrete mixtures in 
light of the varying loading and environmental conditions prevailing on the 
pavement sections ,  and  the most probable cau ses for pavement distresses. 
The development of s uch PMS becomes q uite essential in maintain ing  large­
sca le networks with d iversity of loading conditions, distress types , severities, 
and intensities .  The d ifficu lty of the problem becomes of a combinatorial 
nature where the decision maker is faced with enourmous amount of options 
that m u st be eva luated fairly , systematical ly and consistently to a l locate the 
priorities and select the optima l  maintenance and rehabil itation (M&R) 
methods for each segment in the network. The prob lem becomes more 
chal lenging  when the PMS is foreseen "predictive" not " reactive" - if the PMS 
is organized to optimize the resources over  long term futu re periods ,  not just 
optima l  a l location of current resources .  F u rthermore , desig n ing the PMS to 
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account for the future pavement cond itions (not the current) add to the 
comp lexity of the problem. This req uires the q uantification of the "deterioration 
rates" of the various distress types,  severities and intensities over time 
(accou nting of cou rse for the various loading and environmental conditions) . 
Improper mixtu re design and qual ity control at the prod uction stage (from the 
batch p lant) a re among the primary causes of various pavement distresses 
such as rutting ,  b leeding ,  and ravel ing .  These d istresses a re either load or 
environment-re lated and wou ld req uire as such particu lar enhancement to the 
asphalt concrete mixture properties such as stability , d urabil ity , fatigue 
resistence,  f lexibility, and skid resistance. These mixture properties wou ld  
often e ntai l  contradicting materia l properties and as such may only be  
enhanced through  rigorous experimental desig n and  ana lysis . Carefu l 
selection of the material properties (e .g .  aggregate gradation) a nd proportions 
(aspha lt optimal percentage, aggregate blend p roportions) is indeed the core 
e lement of the entire management system. 
This research carry out various experiments on the asphalt concrete mixtu res .  
The experimental core of this study wil l  focus on enhancing the existing UAE 
practice of the mixtu re desig n for f lexib le pavements, taking into consideration 
the various p rimary causes of the pavement distresses. The finding of the 
experime ntal  stage wil l  then be utilized to construct the knowledge base and 
g uide lines necessary for the d evelopment of the pavement management 
system .  
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1.2 M ot ivati o n  
The agg regate type (source) is among the key factors contributing to the 
pavement performa nce. The agg regate source is commonly compromised to 
minimize the transportation and hence overal l  cost. As a resu lt, many of the 
deficien cies in the mixtures or pavement d istresses are kept repeated even 
with the app lication of overlays. 
The agg regate g radation (with its wide acceptab le domain)  has a significant 
effect on the mixtu re properties .  For instance, while the wel l-graded 
aggregates wou ld res u lt in more stable mixtu res,  the s lig htly open g raded 
(coarse) aggregates exhibit bette r  flexibility and as such lesser cracks. The 
UAE h i ghway construction specification (relating to the aggregate size 
distribution) is qu ite b road , and resu lt in various pavement performance. 
The binder  content is a major contributing factor to various pavement 
distresses. The properties of the asphalt concrete mixtu res are particu larly 
sensit ive to the s lig ht changes in the binder content. 
In UAE ,  the variability in the mixtu re design is more or less limited to the 
above th ree factors (aggregate type,  g radation , and binder  content) . Other  
factors s uch as the binder type a nd its chemical, physical and rheologica l 
characteristics a re nearly un ified in a l l  pavement types, and as such cou ld be 
eliminated .  I t  is then acceptab le to attribute the majority of variability of 
mixtu re characteristics (and hence pavement performa nce) to the above three 
factors. That is , the proper selection of the mixtu re materia ls and proportions 
are by far the most critical e lements to achieve good pavement performance 
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and to a l leviate many of the d istresses ( re lated to mixtu re design ) .  To analyze 
the effect of the various elements (types,  and proportions) on the pavement 
performance ,  the experimental effort needed may be quite overwhelming . I t  
wou ld be impractical to undergo systematic experimenting to q uantify the 
effect of the var ious e lements of potentia l effect on the mixture properties.  
F urthe rmore , even if some e lements may prove to have very s lig ht or t rivial 
effect on the mixtu re properties, these e lements may exhibit sign ificant effect 
if integ rated (combined effect). There is a need then to estab lish a 
methodology to red u ce the experimental effort needed without compromising 
the accu racy of the outcomes. 
An essential step in the design of the pavement management system is the 
characterization of the variou s  pavement distresses and ca uses. The 
hig hway municipa lity of Dubai characterizes the various pavement distress 
types into three categories (load ,  environmental and others). The load 
category includes a l l  d istresses related to excessive loading such as rutting ,  
Shoving ,  Edge cracks,  Al ligator cracks and Potholes .  These distresses are 
indeed m ix-related. Among the related properties are the stability and flow of 
mixtu res .  Enhanc ing these properties wou ld  he lp a l leviating these d istresses. 
The environmenta l type of d istresses a re those mostly caused by the 
improper design of the "du rability" property of the mixtu re. Among these 
distresses are the Raveling ,  Block cracks , Joint reflection a nd Longitud ina l& 
Transverse cracks.  The distresses of Bleedin g ,  Bumps and sags,  Corrugation , 
Depression , Lane/Shou lder d rop off, Patches and Polished agg regates a re 
inc luded in the "others" category. 
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The characterizat ion of the pavement d istresses (type , severity and intensity) 
IS requ ired to q u antify the pavement cond it ion .  Various ind ices may be 
uti l ized for the q uant ification of pavement cond itions such as the present 
serviceab i l ity i ndex ( P S I ) ,  the pavement cond ition index ( P CI) and the 
pavement qua l ity index ( PQI ) .  Each i ndex d iffer in the methodology to 
characterize the pavement d istresses (visual inspection , device 
measu rements ,  etc.) The efforts u ndertaken in quantify ing the pavement 
cond it ion is overwhelming . It also req u i res cont inuous systematic and 
h omogeneous i nspection sk i l l s .  The end result of this process is  merely the 
i ndex ,  wh ich is then used to set the maintenance priorit ies and est imate the 
overa l l  cost . I t  may then be useful to assess the q uality of the statistical 
models that can be u sed to quantify the pavement cond it ion index (even 
rough ly) and ut i l ize these models in  undertaking approximate network-level 
dec is ions .  That wou ld tend to save enormous resources if proven rea l ist ic . 
1.3 Objectives 
The ma in  objective of the thesis is  to develop a knowledge base for the 
design of aspha lt concrete mixtures su it ing  var ious types and causes of 
pavement d istress and to develop support ing g u ide l ines for the select ion of 
aggregate types,  g radation and b inder  contents for des i rable m ixture 
propert ies .  To ach ieve th is objective the fo l lowing sub objectives are out l ined: 
1 .  Develop a statistical model that can be used to extract the g u ide l i nes 
for the m ixture design in l ig ht of the prevai l ing pavement d istresses i n  
UAE . T h e  model i s  envisaged here i n  to compose two levels: 
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a .  The u pper- leve l provides a model for the approximate 
q u antification of the pavement cond ition .  
b .  The lower level provides a model  for the quantifi cation of  the 
m ixtu re properties consider ing the variations in  the aggregate 
types,  aggregate g radation and b inder content . 
2 .  Co l lect d ata and/or conduct experiments necessary to ca l i b rate the 
above m ode ls .  
3. Ana lyze the resu lts of these models to  extract the  underly ing m ixture 
des ign g u ide l i nes 
1.4 Research Overview and Thesis Organization 
This thesis i s  d iv ided into s ix chapters. Chapter 2 summarize the 
methodologies for design of Aspha lt Concrete m ixtures and test ing . It covers 
severa l stud ies on the use of Hveem , Marsha l l  and Superpave mix  desig n .  
The wheel t rack ing device to test the potent ia l  rutt ing i s  a lso reviewed . The 
chapter a lso reviews the various pavement d istresses and causes, the effect 
of aggregate g radat ion ,  aggregate types, b itumen types and add itives (such 
as polymers)  on the asphalt mixture propert ies . Chapter 3 d iscusses the 
exper iments con d u cted in  th is study. The experiments in  th is study a re 
performed us ing  the Marshal l  testing method (to measu re the mixture stab i l ity, 
stiffness and flow) , the Superpave gyratory compactor (for specimens 
preparation) ,  and Asphalt Pavement Ana lyzer (Wheel Tracking device) for 
rutting  measurements. Chapter 4 d iscusses the prel im inary ana lysis of the 
exper imental work resu lts . Chapter 5 describes the details of the pavement 
d istress data collected from the Duba i  M u n ic ipa l ity . Chapter 6 d iscusses the 
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statistica l mode l i ng  approach (factorial experimental des ign)  adopted In this 
study. The lower- and upper-leve l  models for the mixture design properties 
and  the pavement cond ition assessment are introduced . The chapter 
i ncl udes the form u lation of the two models and d iscusses the resu lts. Chapter 
7 d iscusses the study's general  conclus ions and the recommendat ions for 
futu re research .  
Chapter Two 
Chapter Two 
Review of the State-of-the-Arts on Pavement 
Mixture Design, Testing and Performance 
Evaluation 
2. 1 I ntrod u ct ion 
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The asphalt mix design ,  production qual ity control, and proper construction 
practice are the key elements to achieve wel l -perform ing asphalt pavements . 
I n  many cases, the cause of poorly-perform ing pavements has been attributed 
to Inappropriate m ix  design or production. The proper mix design involves 
adhering to some set of laboratory techniques and design criteria .  This 
chapter reviews the existing studies on the techniques for asphalt concrete 
m ixtures des ign .  It a lso covers the stud ies on the m ixture-associated 
d istresses ( rutt ing, rave l ing ,  b leeding, etc) and methodologies for 
ma intenance a nd rehabi l itat ion .  Effects of aggregate gradation, aggregate and 
bitum inous types are particu larly addressed . F ina l ly ,  the attempts to Improve 
the asphalt m i xture propert ies by additives such as polymer and rubber are 
reviewed . 
2.2 Methods of asphalt m ixture des i g n  
The design o f  asphalt  paving mixes i s  the process of selecting and 
proportioning m ateria ls  to obtain the desired pavement propert ies. The overa l l  
objective for the des ign of  asphalt paving mixes I S  to determine a cost­
effective blend and gradation of aggregates and asphalt that Yields a mix 
having [ 1 ]: 
( 1 )  Sufficient asphalt to ensure a durable pavement 
(2) Sufficient mix stab i l ity to satisfy the demands of traffiC Without 
distort ion or d isp lacement 
(3) Suffic ient VOids In the total compacted mix to a l low for a s l ight 
amount of additional compaction under traffic loading and a 
s l ight a mount of asphalt expansion due to temperature 
i ncreases without fl ushing, bleeding, and loss of stabi l ity 
(4) A m aximum void content to l im it the permeabi l ity of harmful a i r  
and moisture i nto the mix. 
(5) Sufficient workabi l ity to perm it efficient p lacement of the mix 
without segregation and without sacrific ing stabi l ity and 
performance. 
(6) For surface m ixes, proper aggregate texture and hardness to 
provide suffiCient skid resistance in unfavorable weather 
condit ions 
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The final  goal  of m ix design is to select a un ique design asphalt content that 
will achieve a ba lance a mong all of the desired properties. U ltimate pavement 
performance is related to durabi l ity, impermeabi l ity, strength, stabi l ity, 
stiffness, flex ib i l ity , fatigue resistance, and workabi l ity. With in this context, 
there i s  no s ingle asphalt  content that wi l l  maximize a l l  of these properties. 
I nstead, asphalt  content is selected on the basis of optim izing the properties 
necessary for the specific conditions. 
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2.2.1 Hveem mix des i g n  
The concepts o f  the Hveem Method [2 ,  3 ,  4] of des ign ing paving mixtures 
were developed by Francis N Hveem It involves determ ining approximate 
asphalt content by Centrifuge Kerosene Equivalent test and then subjecting 
specimens at that asphalt content, and at h igher and lower asphalt contents, 
to a stabi l ity test. The method may be used for both laboratory design and 
field contro l .  The purpose of the Hveem Method IS to determine the optimum 
asphalt content for a part icu lar blend of aggregate. The asphalt content is 
calculated based on the surface area and absorption properties of the 
aggregates . The Hveem Method uti l izes a series of tests to determ ine 
optimum asphalt  content as fol lows . 
• Centrifuge Kerosene Equivalent (CKE) test to determ ine 
approximate asphalt content. 
• Preparations of test specimens at the approximate asphalt  
content and at lower and h igher asphalt contents . 
• Stabi l ity test to eva luate resistance to deformation . 
• Swel l  test to determ ine effect of water on volume change and 
permeabi l i ty of specimen 
The surface area  of the aggregates is used to estimate the asphalt content of 
the m ixture. Surface area i s  determi ned by dry-sieving  a carefully weighed 
aggreg ate sample and weigh ing the contents of each s ieve . This i nformation 
is converted to the estimated surface area of the sample using some 
cal ibrated factors [2, 3 ,  4] . 
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2.2.2 M a rs ha ll m ix d esig n 
The Marsha l l  method of design ing paving mixtures [ 1 , 2 ,  3 ,  4] IS appl icable 
only to hot mix asphalt conta in ing aggregates with maximum sizes of 25.0 mm 
(1 in ) or less The method may be used for both laboratory design and field 
control .  The purpose of the Marshal l  method is to determine the optimum 
asphalt content for a particular b lend of aggregate. The asphalt content IS 
calcu lated as the average value of the binder content to achieve maximum 
density, m ax imum stabi l i ty and reasonable air voids .  The two principa l  
features of the Marshal l  method of mix design are a density-voids analysis 
and a stabi l i ty-flow test of the compacted test specimens.  The first step in the 
design method IS to determi ne what qual ities (stabi l ity, durabi l ity , workabi l i ty, 
skid-resistance ,  etc . )  the paving mixture must have.  The second step is to 
select a type of aggregate and a compatib le type of asphalt that wi l l  combine 
to produce those qua l ities . Once this is done, test preparations can beg in .  
Stabi l i ty testing  a ims at  measuring the mix's resistance to deformation under 
loads. The stabi l ity refers to the maximum load before the specimen yields or 
fai ls .  Because Marshal l  Stab i l ity ind icates the res istance of the mix to 
deformation ,  there i s  a natural tendency to think that if a certain stabi l ity value 
is good, then a much h igher value must be better. Marsha l l  F low represents 
the total deformation of the specimen.  M ixes that have very low flow values 
and abnorm al ly  h igh stab i l ity values are considered too brittle and rig id for 
pavement service . Those with h igh flow values are considered too plastic and 
have a tendency to d istort eas i ly under traffiC loads .  Fig. 2 1 shows the typical 
Marshal l  test's charts . 
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Figure 2 . 1 :  Marsha l l  Test Results' Mixture Properties vs. Asphalt  Content. 
1 2  
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Brown Kandha l  and Zhang [5] summarize the Marsha l l  test advantages and 
d isadvantages as shown In Table 2 . 1 
Table 2.1 Marshal l  Test Advantages and Disadvantages. 
Test Sample I 
Method D imension Advantaqes Disadvantages 
4 i n .  d iameter Not able to correctly rank 
Marshal l  x 2 .5  i n .  Wide spread,  well m ixes for permanent 
Test height Known deformation 
Standard ized for mix 
design .  
Test procedure Little data to ind icate it is 
standard ized related to performance 
6 in .  d iameter 
x 3 .75 height Easiest to implement 
Short test t ime 
Equipment ava i l able in 
al l labs .  
Dengllanag and Peiwen [6]  used the Marshal l  method for testing d ifferent 
asphalt m ixtures. They concluded that Marshal l  method cannot fu l ly  reflect the 
pavement performance of aspha lt mixtures, and that no close re lationship 
between the Marshal l  stab i l ity and flow and the pavement performance. 
Kandhal , Ma l l ick, and Brown [7] had i nd icated the l im itations of using the 
conventiona l  Marshal l  m ix  design method (with 4-inch specimen), and 
suggested the use of the 6-inch d iameter specimens for mix design,  
especia l ly if the aggregate's maximum size exceeds 25 mm.  They suggested 
that the m in imum stabi l ity requirement for 6-inch d iameter specimen should 
be 2.25 times the req uire ment for 4- inch d iameter specimens.  Also, the range 
of flow va lues for 6-i nch d iameter specimens should be adj usted to 1 . 5 times 
the value req uired for 4- inch diameter specimens and the weight of the 
hammer and  the number of blows was increased to provide the same 
compactive energy of conventional 4-inch d iameter specimens. 
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2.2.3 S u pe rpave M ix Des i g n  
One of the key features I n  Superpave mix design IS the change in laboratory 
compaction methods Laboratory compaction is accomplished using a 
Superpave gyratory compactor (SGC) . Whi le its m ain  purpose i s  to compact 
test specimens ,  the SGC can provide information about the compatibi l ity of 
the particu lar m ixture by capturing data during compaction. The SGC can be 
used to design mixtures , where the design proced ure depends on the traffic 
level of the pavement for which the H MA is being designed . The procedure, 
called volumetric mix design ,  enta i ls  compacting test specimens using the 
SGC and selecting asphalt content on basis of volumetric des ign 
requirements [8] . 
The performance of H MA is  i nfluenced by mixture properties resulting from 
hot mixing and compaction, as wel l as the construction activities .  A short-term 
protocol is i ncorporated to capture the effect of heating ,  compaction, and 
aging during the construction activities. This protocol requires that loose 
mixture samples, prior to compaction by the SGC, be oven aged to simulate 
the delays that occur i n  actua l  construction activities .  The aging period and 
temperature are two hours at 1 35°C. The SGC specimens (6 . i nch d iameter) 
accommodate mixtures conta in ing aggregate up to 50-mm maximum size . 
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Figure 2 .2: Superpave Gyratory Compactor. 
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A loading mechan ism presses aga inst the reaction frame and applies a load 
to the loading ram to produce a constant (600-kPa) compaction pressure on 
the specimen.  A pressure gauge measures the ram loading to ma inta in  
constant pressure during compaction.  The SGC mo ld  ( Figure 2 .3) has an  
ins Ide d iameter o f  1 50 mm and  a base plate i n  the bottom of  the mold 
provides confinement during compaction.  The SGC base rotates at a constant 
rate of 30 revolutions per minute during compaction ,  with the mold positioned 
at a compaction ang le of 1 . 25 degrees . Specimen density is estimated during 
compaction by knowing the mass of materia l  p laced in  the mold ,  the inside 
dIameter of the mold ,  and the specimen height. Specimen height 
measurement is an i m portant function of the SGC. Height is measured by 
recording the position  of the ram throughout the test. 
ram pressure 
600 kPa 




Figure 2 .3 :  SGC Mold Configurations. 
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As with other mix design procedures, asphalt mixtures are designed at a 
specific level of compaction effort. I n  Superpave, this i s  a function of the 
design number of gyrations,  Ndes. Ndes is  used to vary the compaction effort of 
the design mixture and it is  a function of traffic leve l .  Traffic is represented by 
the design ESALs. The range of va lues for Ndes is shown in Table 2 .2 .  Two 
gyration levels a re used: the initia l  number of gyrations (N'nI)' and maximum 
number of  gyrations (Nmax) . Test specimens are compacted using Ndes 
gyrations and an  estimation of the compatib i l ity of the mixture i s  determined 
using N,n,. Nmax IS determ ined (using additiona l  SGC specimens) after the 
mixture properties are estab l ished as a check to help guard against plastic 
fa i l ure caused by traffic in excess of the design leve l .  Nmax and Nmi; are 
calculated from Ndes, using the fol lowing re lationships: 
Log Nmax =1 10 Log Ndes 
Log N,n, = 0.45 Log Ndes 
(1 ) 
(2) 
The values of N'nh Ndes and Nmax are shown for Superpave-defined traffic 
levels i n  Table 2 . 2 .  
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Table 2 . 2  Superpave Gyratory Compaction Effort 
I 
I 
Design Compaction I 
ESALs Parameters 
(millions) Typical Roadway Applications 
Nlnl N des N max 
<03 6 50 75 Very light traffic (Local! county roads, city streets 
where truck traffic IS prohibited) 
03 to < 3 7 75 115 Medium traffic (collector roads, most county 
roadways.) 
3 to < 30 8 100 160 Medium to high traffic (city streets; state routes, 
US highways, some rural interstates.) 
� 30 9 125 205 High traffic (most of Interstate system; climbing 
lanes, truck weighing stations) 
When specified by the agency and the top of the design layer IS � 100 mm from the 
pavement surface and the estimated design traffic level � 0.3 million ESALs, decrease the 
estimated design traffic level by one, unless the mixture will be exposed to significant main 
line and construction traffic prior to being overlaid. If less than 25% of the layer is within 100 
mm of the surface, the layer may be considered to below 100 mm for mixture design 
purposes. 
When the design ESALs are between 3 to < 10 million ESALs the agency may, at their 
discretion, s eci N,nibal at 7, Ndes, n At 75, and Nmax at 115, based on local ex enence. 
For the SGC design purposes, the aggregate gradation is commonly 
characterized with respect to the so-cal led restricted zone. The restricted 
zone res ides a long the maximum density gradation between the s ize 2 . 36 mm 
and the 0 .3 m m  size (F igure 2.4) .  I t  forms a band through which gradations 
should not pass.  In most cases, a restricted zone gradation ind icates a 
mixture that possesses too much fine sand in  relation to total sand. This 
gradation practical ly a lways results in tender mix behavior, which is 
manifested by a mixture that is d ifficult to compact during construction and 
offers reduced res istance to permanent deformation during its performance 
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below the restncted zone and the fi ne graded superpave mi xture are those 
mixture With gradat ions above the restricted zone (Figure 2 .5) 
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Figure 2 .5: Example of Gradations Pass Through ,  Above and Below the 
Restricted Zone. 
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2.2.4 M a rs h a l l  and Su perpave m ixtu re properties testi ng 
To relate the effect of compaction with hammer in Marshall and gyrations In 
SGC to the m ixture characteristics, Brown , Haddock, Ma l l ick, and Lynn [9] 
studied comparing a mount of aggregate breakdown produced by 50-blow 
Marshal l  and 1 00 revolutions of the gyratory compactor SGC. The results 
showed that the SGC produces less aggregate breakdown than does the 
Marsha l l  hammer. 
Phromsorn [ 1 0] concl uded that for any g iven aggregate gradation ,  the asphalt 
mixtures resulti ng from Superpave mix design tend to requ i re less asphalt 
content as compared with the ones obtained from the Marshall mix design .  
Furthermore,  the SGC provides sample mixtures with lower variations in their 
properties than Marshal l  hammer compacted samples. 
Khosla and Kawaguchi [ 1 1 ]  compared the design and performance of 
Marshal l  and Superpave Mixes . Some of their fi ndings i nclude: 
1 The estimated asphalt b inder content for the Superpave mix design 
was lower than the Marshall  mix method 
2. The average asphalt fi lm  thickness of the Marshal l  mix at its optimum 
asphalt content was determ ined to be higher than that of the 
Superpave m ix  design .  This i l lustrates that the Marshal l  m ixtures might 
be more durable .  
3 .  The Superpave mix design method provides stiffer and stronger 
m ixtures than  the Marsha l l  method , suggesting the Superpave mixtures 
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to be more res istance to permanent deformation (rutting d istresses) , 
and more resistant to tensi le forces 
4 The Superpave mixtures have higher resistance to fatigue d istress. 
S im i larly, Wang , Yang and Yi luo [ 1 2] found that the rut depths or maximum 
permanent shear stra i n  of the Marshal l  mixtures IS about 2 .5  to 5.5 t imes as 
large as those of the Superpave mixes used in  their experiments They have 
a lso studied the effect of aggregate type, and concluded that the m ixes 
produced us ing s i l iceous materia ls without any add itive would exh ibit stri pping 
problem. The Marsha l l  mixtures exhibit less resistance to moisture damage 
than the Superpave mixtures.  Prowel l  [ 1 3] indicated that the Superpave 
designed pavements are more permeable than pavements previously 
designed with the Marshal l  hammer. Crince and Chatti [ 1 4] reported that the 
Superpave mixes have lower fatigue cracking and rut potentia ls  in comparison 
to conventional asphalt  mixes. 
Kandha l  and Mal lick [ 1 5] evaluated the effect of mixture gradation on rutt ing 
potential of dense graded H MA. The performance of eighteen mixtures was 
evaluated. Two nomina l  maximum sizes NMS ( 1 2 . 5  and 1 9 .0mm) ,  th ree 
aggregate types (granite, l imestone, and partia l ly crushed gravel) ,  and three 
gradation types (Above Restricted Zone ARZ, Through Restricted Zone TRZ, 
and Below Restricted Zone BRZ) were considered. A s ingle binder type was 
used and mixtures were desig ned in accordance with the Superpave 
volumetric method (Ndeslgn=76). Statistical analysis of variance (ANOVA) of rut 
depths ind icated aggregate type, gradation, and NMS, as wel l  as i nteraction 
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between aggregate type and gradation were s ign ificant S ignificant difference 
between rut depths of the three gradation mixtures was also observed. 
Brown, Kandha l  and Zhang [5] ind icated that the Superpave design method 
alone IS not suffi cient to ensure rel iable mixture performance over a Wide 
range of materia ls ,  traffic and c l imate condit ions They suggested using 
addit ional performance tests to help ensure that a qual ity product IS produced . 
EI-Basyouny and Mamlouk [ 1 6] stud ied the variations i n  the resu lt ing VMA%, 
and asphalt content for various aggregate g radations (passing , below and 
above the restricted zone) and N MS aggregates. Cross, Adu-Osei , Ha in in  
and Fredrichs [ 1 7] studied the effect of  aggregate gradation. They concluded 
that the fine gradation was stronger than the coarse gradation as measured 
by I nd i rect tens i le strength and permanent deformation.  The fine gradation 
was more durab le tha n  the coarse gradation as measured by fatigue l ife . The 
fine gradation was m ore res istant to moisture-induced damage as measured 
by the wet rutting  test and a ir  permeabi l i ty .  The fi ne mixture also exhibited 
lesser segregation  tha n  the coarse mixture. 
Anderson, Maurer, Christensen, Marasteanu and Metha [ 1 8] studied the field 
performance of modified asphalt  binders evaluated with superpave test 
methods. They a lso  studied the Marshal l  m ixture's suitabi l ity to meet the 
Superpave criter ia for mix design .  
Parker and Hossa in  [ 1 9] stud ied the variabi l ity of asphalt content, voids, and 
density with d ifferent NMS. Asphalt contents for Superpave are smal ler than 
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asphalt contents for Marsha l l  m ixes with comparable aggregate s ize 
Furthermore, the variab i l ity of asphalt content of Superpave m ixes decreases 
as aggregate s ize Increases and compaction level increases .  Also, the 
var iabi l ity of voids and density measurements are larger for Superpave than 
for Marshal l  mixes. 
Wu, Hossain and Gisl [20] reported the cumulative fatigue damage ratios on 
the Superpave some test sections. Their work ind icated very l ittle fatigue 
damage on these sections (consistent with the visual observations) . They 
concluded that S uperpave mixtures are less susceptible to fatigue damage 
presumably due to better aggregate structure and h igher binder content than 
the tradit ional asphalt m ixtures . The permanent deformation (rutti ng) damage 
ratios, calculated us ing the theoretical vertical compressive stra ins (at the top 
of the sub-grade) and the Asphalt I nstitute fatigue model (AI ) permanent 
deformation model, did compare well with the in-situ rutt ing for Superpave 
designed mixtures. 
Buchanan and Brown [2 1 ]  studied the effect of various SGC on design values. 
They reported that ( in very contro l led sampl ing and compaction procedures) 
var iabi l ity of SGC may lead to sign ificant d ifferences in calculated a i r  voids 
(2%), s ignificant d ifferences in optimum asphalt content ( 1 . 3%) ,  and 
s ignificant differences in VMA (2.5%).  They recommended the development of 
an i ndependent gyration angle measuring device to ensure the gyration angle 
remains with in  the specification tolerance (1 23 and 1 . 27 degrees) during 
compaction .  
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Hand Stlady, White ,  N oure ld ln  and Gala l  [22] stud ied the aggregate gradation 
effect on the optimum asphalt  content and shear strength They found that 
the optimum asphalt content of mixtures with ARZ gradations was not 
statistical ly h igher than  that of mixtures with TRZ or BRZ gradations 
However, optimum asphalt  content of TRZ mixtures was h igher than that of 
mixtures with BRZ gradations .  As gradation progressed from ARZ to BRZ the 
trend In shear strength was to decrease. 
Sousa et al . [23] studied the effect of gradation on HMA fatigue l ife using the 
four-point bend ing fatigue test. ARZ, TRZ, and BRZ g radations with various 
N MS were considered . A s ing le type aggregate ( 1 00% crushed granite) ,  six 
aggregate sources and two b inder grades were used . Fatigue l i fe was 
determined as the number of load cycles requi red to reduce in it ia l  mixture 
stiffness 50 percent. Key conclusions drawn from the experiment were that 
fine-graded (ARZ and TRZ) mixtures exhibited better fatigue performance 
than mixtures with BRZ gradations and the worst fatigue performance was 
exhib ited by one of the Superpave BRZ mixtures . 
Chowdhury, et a l .  [24] i nvestigated the effect of the gradation on HMA 
permanent deformation  Aggregate particle shape and surface textures were 
kept constant whi le gradation was varied around and through the restricted 
zone. Crushed granite ,  crushed l imestone , and crushed river gravel were 
used. Three d ifferent same-NMS gradations (ARZ, TRZ, and BRZ) were 
stud ied for each aggregate source. The coarse fraction of the gradation curve 
(+4.75mm) was held essentia l ly constant whi le the fine fraction of the 
gradation was adjusted to produce the ARZ, TRZ, and BRZ gradations.  A 
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single b inder type was used The results ind icated that the more susceptible 
m ixtures were the river gravel and l imestone mixtures with BRZ gradations 
and the gran ite m ixture with an ARZ gradation The most rut res istant 
m ixtures were the river gravel and l imestone mixtures with ARZ g radations 
and the granite m ixture with the TRZ gradation.  R iver gravel mixtures 
exhibited greater stra ins than g ran ite or l imestone m ixtures . The river gravel 
m ixture with a BRZ gradation was most susceptible to rutti ng .  For l imestone 
mixtures, there was no clear trend observed among gradations .  The test 
results on river g ravel m ixtures were used to predict cumulative permanent 
stra ins after the appl ication 1 Oxl 06 ESALs using some theoretical mode l .  The 
model predicted that perm anent stra ins in ARZ mixtures would be less than 
those in TRZ mixtures,  which in turn would be less than those in BRZ 
mixtures.  The results showed that the restricted zone does not have a 
s ignificant impact on rutt ing performance and fi ne graded (ARZ and TRZ) 
mixtures typical ly provided better performance Partia l ly crushed river gravel 
m ixtures were more sensitive to permanent deformation than 1 00 percent 
crushed l imestone and granite stone mixtures . F ina l ly ,  the authors suggested 
that the restricted zone could be omitted from the Superpave m ixture design 
specifications. 
S im ilarly, Haddock et al .  [25] stud ied the effect of ARZ, TRZ, and BRZ 
gradations on rutti ng perform ance using accelerated pavement tester (APT), 
wheel-tracking test, and triax ia l  test. H MA mixtures evaluated were prepared 
uSing a s ingle asphalt b inder, and l imestone aggregate. APT test results 
Ind icated that m ixtures with ARZ gradations performed better than those with 
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BRZ gradations The observed rut depths In the BRZ mixtures were 
approxim ately twi ce those observed for ARZ mixtures. Rut depths measured 
in  the wheel tracking test tests also Ind icated s imi lar  results under both wet 
and dry test conditions 
Hand and Epps [26] a lso investigated the impact of  g radation on HMA 
performance.  They ind icated that good performance could be achieved with 
fi ne-graded (ARZ and TRZ). They ind icated that no relationship exists 
between the Superpave restricted zone and H MA rutt ing or fatigue 
performance, suggesting the el im ination of the restricted zone from the 
Superpave mixture design specifications. 
Nukunya, Roque, Tia and Mehta [27] pointed out that the effects of changes 
in  mixture volumetric parameters on specific mixture properties . The existing 
Superpave VMA criterion ,  which is based solely on the nomina l  maximum 
sieve s ize d id not relate to binder age-hardening and performance .  The 
results also show that the h igh min imum VMA requ i rement for B RZ mixtures 
may result in excessive asphalt ,  which may result in premature rutt ing .  They 
recommended that the current VMA criterion for Superpave mixtures may be 
revised for the purpose of durabi l i ty .  Anderson, Bukowski ,  and Turner [28] 
studied the effect of SGC type on mechanical properties of the asphalt 
mixtures (to account for the possible variab i l i ty of design and field lab SGC's) . 
Two SGC's were used i n  the study and complex shear modulus is  calculated . 
Approximately 75% of the samples i ndicated that SGC type would have an 
effect on the mechan ica l  property value of less than 1 5-20%. 
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Mal l ick [29] conducted statistical analysis of field data to characterize the 
H MA properties uSing SGC. A statistical model was developed to identify 
unstable m ixtures g iven the SGC readings (height, gyrations) . The model 
could be used to evaluate the change in stiffness of mix with number of 
gyrations, and corre late the change in  stiffness with work done for 
compaction .  The model was val idated with field data 
Yi ld i ri m ,  Sola iman ian ,  McGennis and Kennedy [30] stud ied the effect of the 
SGC type (seven d ifferent types) on the Superpave mixtures volumetric 
properties. The study suggested the use of AASHTO PP-35 as effective 
procedure for determ i n ing the su itabi l ity of SGCs. 
S imi larly, H i n richsen [3 1 ]  studied the effect of the SGC type (four different 
types) on the Superpave mixtures volumetric propert ies.  The four brands of 
gyratory compactors were compared on four different p lant produced 
Superpave m ixtures. Comparison of results between the brands ind icated 
d ifferences in  test resu l ts between SGC's from d ifferent manufacturers , as 
evidenced by the same general trend in results between the devices. The 
magnitude of the d ifferences was found to be mix dependent. The coarse 
g raded mixtures showed greater d ifferences than the fine graded m ixture. The 
study attributed the d i fference to the i nit ial loading ,  setting of the angle ,  and 
the accuracy of the height measurement and recording system.  
2.3 Wheel T rac k i n g  Devices 
This section  provides a brief description for the various avai lab le wheel 
tracking devices.  
2.3 . 1  Asp h a l t  Pavement  Analyze r 
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The Aspha lt Pavement Analyzer (APA) is a multifunctional  loaded wheel 
tester ( LWT) for lab use.  It evaluates permanent deformation ( rutt ing), fatigue 
cracking and moisture susceptibi l ity of hot and cold mixes by subjecting mix 
samples, p laced in a test chamber, to repetitive wheel loads, then measuring 
the amount of perma nent deformation under the wheel path . After placing up 
to three rectangu lar  or  s ix cyl indrical  samples i n  the chamber the operator 
adjusts the chamber's temperature as needed from 4 1  to 1 60 . F (5 to 70° C). 
The APA is  desig ned to perform rut tests on three different samples 
s imultaneously , either wet or d ry .  It i s  designed to s imulate actual road 
conditions by rol l i ng  a concave metal wheel over a rubber hose pressurized at 
1 00 to 1 20 psi to generate the effect of h igh tire pressure. The hose stays in 
contact with the sample's surface whi le the metal wheel rol ls  back and forth 
a long the length of the hose for 8,000 cycles, creating a rut i n  the asphalt 
specimen.  S ince the three metal wheels sit on separate beams, each sample 
can be subjected to a d ifferent load level - up to 2 50 pounds ( 1 1 3kg) - and 
contact pressure -up to 1 20psi . The fatigue resistance of a sample is 
determined by subjecting  it to a repeated wheel load of contro l lab le magn itude 
and contact pressure i n  a low temperature chamber environment .  Sol id steel 
wheels are used for the fat igue testing . The ana lyzer is encased i n  a sta in less 
steel cabinet a nd weighs 3 .000 pounds ( 1 , 357 kg). The unit is  ava i lable as a 
manual  un i t  or automated. The latter a l lows the user to obta in measurements 
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Via personal  computer, which plots and d isplays data in a n umeric and 
graphical format. (F lgure2 .6) [32] 
F igu re 2 .6 :  Asphalt Pavement Ana lyzer. 
2.3.2 F re n c h  R u tt i n g  Tester 
The Laborato i re Centra l des Ponts et Chausees ( LCPC) wheel tracker [also 
known as the F rench Rutting Tester (FRT)] , shown in  F igure 2 .7 ,  may be used 
for rutting test ing [33] .  The FRT is capable of s imu ltaneously testing two HMA 
slabs. S lab d imensions are typica l ly 1 80 mm wide ,  50 mm long ,  and 20 to 1 00 
mm thi ck (7. 1 i n  x 1 9 . 7  I n  x 0 .8 to 3 .9  i n) .  Samples are genera l ly  compacted 
with a LCPC laboratory-ti red compactor. Loading of samples is accompl ished 
by apply ing a 1 1 24 I bs load onto a 400 x 8 mm smooth pneumatic ti re i nflated 
to 87 ps i .  During testing ,  the pneumatic ti re passes over the center of the 
sample twice per second .  Test temperatures for F RT testing are general ly 60' 
C ( 1 40' F) for surface courses and 50T ( 1 22 . F) for base courses. Rut depths 
with in the F RT are defined by deformation expressed as a percentage of the 
orig ina l  s lab  thickness. 
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Figure 2 .7 :  LCPC (F rench) Wheel Tracker (FRT). 
2.3.3 Georg i a  Loaded Wheel Tester 
The G LWT [33] , shown in  Figure 2 .8 ,  may be used to perform efficient, 
effective, and routine laboratory rut proof testing and field production qual ity 
control of H MA. The G LWT is capable of testing  H MA beam or cyl i ndrical 
specimens Beam d imensions are genera l ly 1 25 mm wide, 300 m m  long and 
75 mm h igh .  The com paction of specimens varies based on the nature of the 
specimen.  Both specimen types are most commonly compacted to either 4 or 
7 percent air void content. Testing of samples withi n  the G LWT genera l ly 
consists of applying a 1 00 Ib load onto a pneumatic l i near hose pressurized to 
1 00 ps i .  The load i s  appl ied through an a luminum wheel onto the l i near hose, 
which res ides on the sample. Testing is typica l ly accompl ished for a total of 
8,000 loading cycles (one cycle is defined as the backward and forward 
movement over samples by the wheel) .  Test temperatures for the GLWT 
ranges from 35' C to 60' C.  Rut depths are obta i ned by determin ing the 
average d ifference i n  specimen surface profi le before and after testing .  
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Fig ure 2 . 8 : Georg ia  Loaded Wheel Tester (G LWT) 
2.3 .4 H a m b u rg Wheel-Track ing Device 
The HWTD [34] , shown In F igure 2 .9 ,  is used to eva luate rutti ng and stri pping. 
Tests within the HWTD are conducted on a s lab that is 260 mm wide ,  320 mm 
long ,  and typica l ly 40 mm high.  These s labs are norma l ly compacted to 7±1 
percent a i r  vO ids us ing a l i near kneading compactor. Testing i n  the HWTD is 
1 conducted under water at temperatures rang ing from 25' C to 70' C. Loadi ng 
of samples i n  the HWTD i s  accompl ished by applying a 1 58 Ibs force onto a 
47-mm-wlde steel whee l .  The steel wheel is  then tracked back and forth over 
the s lab sample. Test samples are loaded for 20, 000 passes More deta i ls  on 
the use of the HWTD to evaluate the rutt ing , creep and stripping susceptib i l ity 
can be found in [34] . 
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Figure 2 . 9 · Hamburg Wheel Tracking Device (HWTD) 
A sl ight modification of the HWTD has resu lted in  the development of the 
Superfos Construction  Rut Tester (SCRT), shown in 2 . 1 0 . The SCRT used 
s lab specimens with s imi lar  dimensions as the HWTD.  The primary difference 
between the two was the loading mechanism. The SCRT appl ies a 1 80-lb 
vertical load onto a so l id  rubber wheel with a d iameter of 1 94 mm and width of 
46 mm - a contact pressure of approximately 1 40 psi . Results from the SCRT 
are identical to those from the HWTD and i nclude rut depth , creep s lope, 
stripping slope, a nd stripp ing I nflection point [34] . 
F igure 2 . 1 0: Superfos Construction Rut Tester (SCRT) 
2.3.5 Testi n g  As p h a lt Pavi ng M ixtu res with Loa d i n g  Wheel 
Devices 
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Brown , Kandha l  and Zhang [5 ]  provided an extensive review on the several 
ava i lab le devices The vanous devices were assessed by several factors 
i nclud ing .  ava i labi l ity of equipment, cost, test t ime, appl icabi l ity for QC/QA, 
performance data , criteria ,  and ease of use They have concluded that the 
APA test (a lthough most expensive) is the most rel i able wheel load device for 
performance measurement. S imi lar conclusions were drawn by Prowel l  [35] i n  
h i s  eval u at ion of  the performance of  graded asphalt b inders us ing G LWT and 
the APA. 
Choubane, Page and M usselman [34] correlated the APA's pred icted rutti ng 
with known fie ld measurements using beam and gyratory samples .  The APA 
results were also compared to those of the GLWT. They concluded that: 
• The APA testing variabi l ity may d iffer from test to test and from test 
sample location to another, for both gyratory and beam samples. 
• L inear reg ression analysis ind icated that, under s im i lar testing 
conditions ,  gyratory samples may rut re latively deeper than beam 
samples when the ruts are relatively shal low ( less that 1 0  mm), and 
the reverse is true for deeper ruts . Therefore, it m ay not be 
appropriate to use the same pass/fai l  criteria for both beam and 
gyratory specimens. 
• U nder s im i la r  testing cond itions, a good correlation between the 
APA and G LWT test resu lts was obta ined However, the APA 
deformations were approximately twice as large as those of the 
G LWT. 
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Cross a nd Voth [36] evaluated the effect of sample precond it ioning on APA 
rut depths to eva luate the APA's sU itabi l ity for predicti ng moisture susceptible 
mixtures Samples were tested using four d ifferent preconditioning 
procedures' d ry, soaked, saturated , and saturated with a freeze cycle. 
Add itiona l ly, the resu lts ind icate that the harsher precondit ioning of saturation 
and saturation with a freeze cycle did not result in i ncreased wet rut depths. 
USing on ly dry and soaked cond it ion ing appears to be adequate. The study 
i nd icated that a large increase in rut depths from the d ry conditioning to the 
soak conditioning is a n  ind ication that the mix is moisture susceptible. A 50% 
increase of rut depth from samples with dry and soak cond it ioni ng appear to 
be threshold va lues that provide some correlation with conventional moisture 
sensit ivity test resu lts. 
Edgar [37] compared the APA-induced rutting with Rotary loaded wheel test 
(RLWT) rutti ng In SGC samples. A l i near regression model was developed to 
relate the APA rut depth with that of the RLWT. Several types of aggregates 
were used in the analysis. The fol lowing conclusions were drawn : 
1 .  A pred ictable relationship exists between APA and R LWT rutting 
after 8000 APA-type load cycles (APA = RLWT* 1 . 1 396 + 1 . 5335). 
2 .  The large stone crushed gran ite mix was consistently identified as 
the most rut res istant with both devices, whi le river g ravel m ix was 
identified as the least rut res istant. Cooley et al [33] evaluated the 
effectiveness of the French Wheel Tracker ( FWT) in pred icting 
rutti ng potentia l .  The study considered th irty-three pavement 
sections rated satisfactory to poorly in terms of rutting  res istance 
Samples were obta ined from each of the sections.  The study 
suggested s l ight modifications to the FWT specifications regard ing 
the number of passes, with a general conclusion of the su itabi l i ty of 
the FWT of pred icting rutt ing performance effectively 
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Tayebal i ,  Ma lpass ,  and Wa l ler [38] compared between the effectiveness of 
the FWT and G LWT i n  pred icti ng  rutting performance. The results ind icated 
better effectiveness for the G LWT as compared to the FWT in the majority of 
the studied cases. Other stud ies [34] focused on determ in ing a relationship 
between rutt ing i n  fie ld  and laboratory results us ing the G LWT. Core samples 
were obta ined from thirteen pavement sections covering different temperature 
and rutt ing values. The test results (compared to known fie ld rutti ng) ind icated 
that the GLWT resu lts correlate wel l  to field measurement, particularly at h igh 
temperature. 
Izzo and Tahmoressi  [39] used the HWTD for assessing the moisture 
susceptib i l ity of hot m ix asphalt .  S ix mixtures (of s ix different aggregate types 
and one asphalt  b inder) were used . Add itional mixtures were tested to assess 
the effect of add it ives. The results ind icated the HWTD has good repeatabi l ity 
among test rep l icates of same type (SGC or s lab specimens) .  Nonetheless ,  
test resu lts from cyl indrica l molded specimens could not d i rectly relate to 
those of the s lab  molded specimens. Performance of the mixtures (with 
additives) tested at h igh temperatures did not exhibit consistency of improved 
performance ,  with m ixtures modified with hydrated l ime to perform the best 
fol lowed by those mod ified with l iqu id anti -stripp ing add itive and the worst to 
be those without a ny add itive. The HWTD was a lso compared to known field 
stripp ing data [34] .  The testing resu lts indicated that the moisture conditioning 
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system used b y  the HWTD appeared to be extremely severe for rutti ng 
determ ination The study concluded that the HWTD present specifications 
may be too stri ngent for the studied condit ions. 
2.4 Distresses Defi n it ions a n d  Ca uses 
Asphalt Pavement Distress can general ly be classified as one five types· 
cracking, d istort ion ,  d is integration ,  sk id hazard and surface treatment 
d istresses. D istress causes may relate to excessive wheel loads, 
environmenta l conditions,  poor drainage, materia l  deficiencies, improper 
m ixture design ,  and construction-related qua l ity control deficiencies . 
Sometimes, the d istresses are caused by a combination of these factors. I t  
requ i res understand ing of  the present condit ions to select the best 
m aintenance action for any g iven distress or combination of d istresses. 
Proper and t imely ma intenance wi l l  halt the progress of a d istress and can 
even cure or correct the d istress. This section presents brief descriptions of 
the various flexib le pavement d istresses, then, fol l owed by d iscussion of the 
causes and methods of repair .  The main d istresses found in the Emirate of 
Abu-
Dhabi are the rutting ,  ravel ing ,  bleed ing,  depression ,  a l l igator cracking, 
longitudinal a nd transverse cracking ,  and pol ished aggregate [40]. 
2.4.1 Rutt i n g  
Ruts are channel ized depressions in the wheel tracks of the pavement 
surface. Rutt ing results from consolidation or lateral movement of the 
subgrade, aggregate base, and/or asphalt layers under traffic load.  Rutting 
may occur In the subgrade or aggregate base due to i nsufficient design 
36 
thickness , lack of compaction , or weakness caused by mOisture i nfi ltration 
Rutting may a lso occur with in a weak asphalt mixture, charactenzed by a 
downward and latera l movement of the m ixture under heavy wheel loads. 
There are three severity of rutti ng depending i n  the rut depths; low severity (6 
to 1 3mm),  med ium severity (> 1 3  to 25 mm) ,  h igh severity (>25mm) .  The 
repair of rutt ing depends on the cause. If the cause is in the surface, a fu l l  
depth patch or  an  asphalt overlay may be used. I f  the cause is  in the base or 
subgrade, complete reconstruction of the pavement m ay be necessary, 
i ncluding the add it ion of dra inage if water i s  a contributing factor. (F igure 2 . 1 1 ) 
F igure 2 . 1 1 :  Rutti ng D istress 
Kandhal and Cooley [4 1 ]  compared the rut res istance of the coarse versus 
fine graded superpave m ixtures. Fourteen m ixtures compris ing two nomina l  
maximum aggregate sizes: 9 .5 and 1 9 0 mm; two coarse aggregates: gran ite 
and crushed g ravel ;  and four  fi ne aggregates : sandstone, l imestone, gran ite, 
and diabase , were tested.  APA, Superpave shear tester, and repeated load 
confined creep test were used in testing the various mixtures. Statistical 
analyses of the test data ( F ig ure 2. 1 2) obta ined by the three performance 
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tests ind icate no  s ign ificant d ifference between the rutting res istance of 
coarse- and fi ne-graded Superpave mixtures . 
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Figure 2 . 1 2 : Results of  APA Testing .  
Ha l l  and Wi l l iams [42] i nvestigated the res istance of  various mixes to potentia l  
rutting and stripp ing (moisture damage). A series of  rutt ing/stripping tests 
were conducted on the specimens using testing specifications s imi lar  to the 
HWTO. Results of testing field-compacted mix suggest that cyl i ndrical 
specimens (cores) and prismatic beam specimens behave s imi l arly. 
Laboratory Gyratory-compacted specimens exhi bited greater rutt ing 
resistance and less stripping susceptib i l ity than field-compacted specimens. 
Zhu ,  FWA, and lIu [43] evaluated the rutti ng potential of asphalt mixtures by 
repeated-load creep test. The feasib i l ity of adopting repeated load creep test 
to replace wheel tracking test as a laboratory evaluation tool for the rutt ing 
potentia l  was i nvestigated. Comparison of the two test methods was carried 
out on three different mix types,  each tested under 27 different cond itions, 
representing various temperatures, appl ied loads and loading speeds.  They 
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concluded that the two test methods were equally able to d ifferentiate the 
effects of tem perature, appl ied load and loading speed . The development 
trends of vert ica l  deformation in the two tests were very s imi lar. They 
concluded that the repeated-load creep test is an attractive tool for assessing 
the rutting potentia l  (s impler, less costly, less manpower demanding ,  and 
sign ificantly less time consuming) .  
Thiessen, Sha laby and Kavanagh [44] i nvestigated the rutti ng performance of 
asphalt pavements using ind i rect tensi le strength test. I n  this procedure,  test 
specimens are loaded along the i r  d iametric axis unti l fai lu re at a loading rate 
of 0 . 1 mm/mi nute and a temperature of 25°C. Regression analysis was 
employed to relate the rutti ng data from each pavement section to the 
physical m ixture properties . Rutti ng value was found h igh ly related to the 
accumulated traffic ,  ESAL. The recovered b inder penetration and percent 
aggregate pass ing the No. 4 s ieve showed the strongest correlation to rutti ng 
rate . Other properties such as a i r  voids and asphalt content showed l ittle 
correlation to rutt ing rate. Kaloush and Witczak [45] uti l ized the repeated load 
permanent deformation test ( R L  T), and the static creep I flow time test (SCFT) 
to i nvestigate the rutt ing potentia l .  The tests were evaluated us ing mixtures 
and performance data from three experimental s ites . They d iscussed the 
advantages and d isadvantages of us ing each test. 
The effect of g radation type (ARZ, TRZ, B RZ) relative to the restricted zone 
on rutti ng performance is stud ied in [22-24] . In genera l ,  i t  can be concluded 
that no clear trend i n  performance is observed relative to the restricted zone. 
39 
The test results ind icate that the restricted zone alone may not be adequate to 
characterize g radation to ensure acceptable rutti ng performance. The results 
are a lso cons istent with other recent research on the impact of gradation on 
rutt ing performance which suggests that equal or better performance may be 
ach ieved with ARZ and/or TRZ gradations when compared to BRZ gradations 
for Superpave designed mixtures [25, 27, 28] .  
2.4.2 Rave l i ng a nd Weathe ri ng 
This is the progressive separation of aggregate particles from the pavement 
surface downward or from the edges i nward (Figure 2 . 1 3) .  As the erosion 
continues , l arge particles are broken free. Ravel ing is usual ly found in the 
wheel path area  whi le weathering is found in low or non-traffic areas. Ravel ing 
i s  caused by lack of compaction ,  d i rty or d is integrating aggregate ,  too l ittle 
asphalt in the mix ,  or overheating of the asphalt mix .  Ravel ing a lmost always 
requires the presence of both traffic and water to occur. Ravel ing surfaces 
require a surface treatment such as a chip seal or s lurry sea l .  Severity levels 
a re low where aggregate or b inder has started to wear away ,  medium where 
aggregate or b inder has worn away and the surface texture is moderately 
rough and pitted ,  and high where aggregate or binder has been worn away 
considerably and the surface texture is very rough and severely pitted . 
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Figu re 2 . 1 3 : Ravel ing Distress 
2 .4.3 Bleed i ng 
Bleeding,  or fl ush ing ,  is the upward movement of asphal t  in an asphalt 
pavement ( Figu re 2 . 1 4) .  This results in the formation of a fi lm of asphalt on 
the surface. It may result from an improperly constructed seal coat, too much 
asphalt in a m ix ,  and/or too heavy of a prime or tack coat or excessive sealant 
i n  cracks or jo in ts below an overlay. Also, traffic may cause over compaction 
of asphalt layers ,  forcing the b inder to the su rface . The severity levels of 
Bleeding are low where it is noticeable only d uring a few days of the year, 
medium where asphalt sticks to shoes and vehicles d uring  on ly a few weeks 
of the year, and  h igh where bleeding occurs extens ively and cons iderable 
asphalt sticks to shoes and vehicles during at least severa l weeks of the year. 
Fig ure 2. 1 4 : Bleed ing Distress 
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2.4.4 Depression 
Depressions are low areas of l im ited size that m ay be accompanied by 
cracking. Depressions m ay be caused by traffic overload ing ,  or by 
consol idation ,  settlement or fa i l ure of the lower pavement layers . Minor 
depressions can be repaired by surface treatments . Larger areas are repaired 
by a skin patch or fu l l  depth patching . The depression severity levels are low 
(% to 1 in) ,  medium ( 1  to 2 i n )  and high (more than 2 in) .  ( Figure 2 . 1 5) 
F ig ure 2 . 1 5 : Depression Distress 
2.4.5 Al l i gator c rac k i n g  
Al l igator cracks are i nterconnected cracks forming a series of smal l  blocks. 
Al l igator cracking may be caused by the moisture-weakened subgrade or 
g ranular base; insufficient pavement th ickness; a th in asphalt surface; or 
overloading of the pavement. Al l igator cracking i s  considered a major 
structural d istress and i s  u sua l ly accompanied by rutt ing .  There are three 
severity levels ;  l ow where long itud inal  hair l ine cracks run paral le l  few 
i nterconnecting cracks , medium where l ight a l l igator cracks develop a pattern 
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or network of cracks that may be l ightly spal led , and high where network or 
pattern cracking is progressed and spal led at the edges. (F igure 2 . 1 6) 
F ig ure 2 . 1 6 : Al l igator Cracks D istress 
Wen and Kim [46] presented a s imple performance test for fatigue cracking 
characterization .  The combination of the ind irect tensi le creep and strength 
tests was proposed as a s imple performance test for fatigue cracking of 
asphalt concrete. 
2.4.6 Long i tu d i na l  & Transverse crac k i n g  
Longitud ina l  (F igure 2 . 1 7) and transverse cracking (F igure 2 . 1 8) may be 
caused by inappropriate asphalt spraying by the d istributor, or lateral 
movement of the layers . A s ing le centerl ine crack may be caused by too l ittle 
or too much asphalt  at the jo int between two appl ications .  The satisfactory 
repair  for longitud ina l  and transverse cracking i s  to p lane off the cracked 
surface and apply a new surface treatment, or apply a second treatment over 
the cracked surface. 
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Figure 2 . 1 7 : Longitud ina l  Crack Distress 
F igure 2 . 1 8 : Transverse Crack Distress 
2.4.7 Pol i s h ed a g g regate 
This distress rel ates to the smooth pol ished particles i n  the pavement surface. 
Some aggregates,  l i ke l imestone, become pol ished rather q uickly under 
traffic. Other types such as g ravel a re even natura l ly pol ished . These pol ished 
aggregates a re quite s l ippery when wet. Pol ished aggregate surfaces are 
treated by the app l ication of some skid resistant treatment such as HMA 
overlay, a sand sea l ,  or  an aggregate seal coat. (F igure 2 . 1 9) 
Figure 2 . 1 9 : Pol ished Aggregate Distress 
2.5 Methods to i m p rove m i x  performa nce 
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Aggregate gradation ana lysis and the blend ing of aggregates to obta in  the 
desired gradation are important steps in hot mix asphalt design .  The 
aggregate gradation must meet the gradation requ irements of the project 
specifications.  The gradation should a lso be made up of the most economical 
aggregates ava i lab le that a re of su itable qual ity . Aggregate gradation could be 
done manua l ly or automatical ly [47] .  
Vavrik, Pine, and Carpenter [48] outl i ned a method to combine 
aggregates to i ncrease the coarse aggregate interlock. Aggregate 
ratios, based on the so-cal led particle packing principles, are used to 
break the combined gradation i nto coarse and fine portions for 
analysis .  The aggregate ratios are then used to analyze the particle 
packing i n  the aggregate structure. The aggregate ratios were also 
used to analyze the voids i n  the asphalt mixtures. 
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2.5.1 Repla c i n g  M i neral  F i l ler with Lime Hyd rated 
Hydrated l ime is a modifier known to be most effective anti-stripp ing agent 
avai lab le .  It a lso helps to reduce rutt ing , cracking,  and aging.  Hydrated l ime 
improves pavement performance when used a lone,  and a lso works wel l  in 
conjunction with polymer additives. L ife cycle cost ana lysis demonstrates that 
l ime is a lso cost-effective. Stripping occurs when the bond between the 
asphalt cement and the aggregate breaks down due to the presence of 
moisture, and the b inder separates from the aggregate. Certa in  types of 
aggregates are particu larly susceptible to stripping.  I n  addit ion, env i ronmental 
characteristics such as heat, heavy ra ins ,  and traffic play a m ajor role in 
stripp ing.  L ime reacts with h ighly polar molecules (of aggregates and asphalt) 
to form inso luble sa lts that no longer attract water. I n  addit ion, the d ispersion 
of the hydrated l ime part ic les throughout the mix makes it stiffer and tougher 
[49] . lzzo and Tahmoressi  [39] modified mixtures with anti-stripp ing add itives 
and tested with the HWTD. The additives used were hydrated l ime and a 
l iqu id anti-stripping agent. The anti-stripping add itives were eva luated a long 
with the test ing temperature. Al l  test specimens were fabricated with a SGC 
and with same air void content. Test results ind icated better performance of 
the hydrated l ime at lower temperatures. Nonetheless , improved effects from 
the anti-stripp ing addit ives in the mixtures were not a lways seen at higher 
temperatures. 
Maupin [50] eva luated the effect of using l ime hydrated as wel l  as  other five 
brands of chemical antistripping additives us ing field extracted core 
specimens. The cores were extracted from s ites exposed to traffic for 3 to 4 
years. He introduced a sort of a rating system (0 to 5) ,  with 0 being no 
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stripping and 5 being 1 00 percent stripped , based on strength measurements . 
Al l l ime hydrated mod ified mixture exhibited no more than s l ight stri pping.  
Mohammad ,  Abadie ,  and Gokmen [5 1 ]  studied the performance of HMA 
modified with hydrated l ime and other modifiers. The performance is 
eva luated by indirect tensi le strength and stra in ,  permanent deformation 
characteristics , res i l ient modulus,  and fatigue endurance was evaluated . 
Mixes with hydrated l ime showed an improved performance relative to 
s imi lar  mixes with no l ime.  Mixtures contain ing the combination of 
hydrated l ime and the polymer modified asphalt cement showed the most 
improvement, particu larly in tests performed at h igher temperatures.  They 
concluded that hydrated l ime improves the aggregate skeleton ,  enhancing 
the bond between the aggregate and the b inder, and that the polymer 
mod ified b inder adds e lasticity to this bond . The tensi le strength 
considerably increased with hydrated l ime.  The res i l ient modulus also 
i ncreased for g ravel aggregates , and was less noticeable with l imestone 
aggregates. Furthermore,  the ind i rect tensi le creep and fatigue 
performance were enhanced for the gravel and l imestone aggregate types, 
most part icu la rly at h igh temperatures. 
Huang ,  Petersen ,  Robertson ,  and Branthaver [52] studied the effect of 
l ime hydrated add itives on the age hardening - retard ing the oxidation 
process .  Considering their work results as wel l  as other results of recent 
research studies, the authors strongly suggested the use of l ime treatment 
for its effect on i ncreasing resistance to rutting , extending the pavement 
l i fe by reducing the rate of asphalt age hardening ,  reducing the loss of 
strength from mOisture damage (stripping) , and fina l ly improving low 
temperature flow properties. 
2.5.2 Effect of Stee l S lag Use as Agg regate 
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Steel s lag aggregates (SSA) is considered by many specifying agencies to be 
a conventional  aggregate that normal ly exceeds the requ i rements for granular 
aggregate base.  The h igh bearing capacity of SSA can be used 
advantageously on weak subgrades and in heavy traffic appl ications. Good 
i nterlock between SSA particles provides good load transfer to weaker 
subgrades. SSA is part icularly favored for its very high stabi l ity and good 
soundness. I t  is  however known by its volumetric i nstab i l ity (due to l ime and 
dol ime hydration reactions) which may result i n  expansive react ions, and as 
such no recommended for use in  confined appl ications such as backfi l l  behind 
structures, or confined (by curb or gutter) granu lar  base or subbase . The 
attributes that a re of particu lar va lue to road engineers are the excel lent 
shape and i nterlock ing properties ,  the high durabi l ity ,  the strong affinity for 
b inder, and fina l ly the h igh skid res istant properties [53] . 
Ying Chou [54] assessed the use of CSC SSA in  pavement construction .  
Good results were i l l ustrated for use as a base or  subbase course.  I ncrease in  
surface bonding strength and i nterna l  cohesion were attributed to the high 
porosity and angu larity. The high o i l  content, stab i l ity value and unit weight 
lead to lower flow va l ue and porosity. The Marshal l  design values of SSA 
asphalt concrete were a lso proved to meet a l l  the h ighway specifications. The 
tested pavements exhibited reduced PSI variat ions,  h igher res istance to skid 
and plast ic deformation .  S im i lar ly, Lieuw and Emery [55] studied the use of a 
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mix of  LD and G ranu lated Blast Furnace Slag (GBFS) SSA. The results 
ind icated that th is s lag mixture hydrates to become a bound (cemented) 
materia l ,  yet with a s low rate of development of strength. 
2.5 .3  S u lfu r Mod ified Bottom Ash Use 
The use of bottom ash i n  road construction has been l imited due to its 
absorbency (wh ich resu lts in  i ncrease the asphalt  b inder) and friab i l ity (weak 
ab i l ity to stand traffic loads) .  On the other hand, bottom ash is l ighter in weight 
and general ly much cheaper than conventional  aggregates such as crushed 
l imestone,  sand a nd gravel .  Estakhri and Saylak [56] upgraded the load­
bearing characteristi cs of the bottom ash through sulfur modi fication. The 
process essentia l ly  coats the ash with l iquid su lfur which ,  upon cool ing , fi l l s  
the voids on the su rface of  the particles wh i le  i ncreasing the i r  crushing 
resistance. Strength , durabi l ity and asphalt demand of su lfur-modified bottom 
ash (SM BA) m ixtures compared favorably with typical surface course 
mixtures.  The l abo ratory properties of 5MBA exhib ited high res istance to 
rutt ing and cracking .  
Ksaibati and Stephen [57] eva luated different types o f  bottom ash  for their  
su itabi l ity in aspha lt m ixes .  Testing was accompl ished using the G LWT and 
the Thermal  Stress Restra ined Specimen Tester (TSRST) . The GLWT was 
used to eva luate the high-temperature rutt ing characteristics of the asphalt 
mixes while the TSRST was used to evaluate the low-temperature cracking 
characteristics of the asphalt m ixes. The Marsha l l  design (with Bottom Ash) 
results ind icated h igher optimum contents than standard asphalt m ixes, due to 
the h igh porosity of the ash. Furthermore, asphalt  m ixes conta in ing bottom 
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ash requ ired less compaction effort than standard asphalt mixes, due to the 
higher asphalt content in bottom ash mixes. The GLWT and the TSRST 
resu lts of h igh-temperature rutting characteristics and the low-temperature 
cracking ind icated comparable va lues to those mixtures with typical 
aggregates. 
2.5.4 Agg regate Type a nd G ra dation 
The amount of m inera l aggregate in asphalt paving m ixtures is general ly 90 to 
95 percent by weight ;  accord ingly, aspha lt pavement periormance is heavi ly 
i nfluenced by aggregate .  M ineral aggregate includes sand ,  grave l ,  crushed 
stone, s lag,  rock d ust or  powder. Aggregates for asphalt paving are general ly 
classified accord ing  to their source of means of preparation . They include pit 
or bank-run aggregates , processed aggregates , and synthetic or artific ial 
aggregate. Processed aggregate inc ludes natura l gravel or stone that has 
been crushed and screened . The aggregates i n  UAE fit i n  the processed 
aggregates category.  Crushing typical ly improves the part ic le shape by 
making the particles more angular in shape and improves the d istribution and 
range of part ic le sizes. The min imum thickness of a hot-mix asphalt course is 
d i rectly re lated to the maximum aggregate size. Aggregates may be classified 
on the basis of the gradation to dense-graded , open-graded, one-sized , 
coarse-graded , fi ne-graded , and gap-graded . The remain ing of this section 
highl ights the research attempts in studying the effect of the aggregate 
type/gradation on  the pavement periormance. 
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Stakston ,  Bushek and Bahia [58] studied the effect of F ine Aggregate 
Angula rity (FAA) va lues,  aggregate source, and aggregate gradation on the 
H MA mixture performance as measured in the laboratory using the SGC. The 
experiments i ncluded three different aggregate sources , various blends from 
each source, and changing the angu larity of the aggregate fine port ion. The 
ana lys is  of the resu lts has shown the importance of the above three variables, 
most particularly the FAA. 
Buchanan [59] eva l uated the effect of the undesirable particle shapes (flat and 
elongated) on the performance of hot mix asphalt m ixtures. F lat and 
elongated part icles have long been considered undesirable i n  HMA m ixes due 
to the i r  tendency to break down during construction and traffic .  The laboratory 
evaluation i ncluded volumetric mix designs ,  wheel track ing ,  fatigue testing,  
and aggregate breakdown determ ination.  The results ind icated that the 
part icle shape of the aggregate may influence, to varying degrees, the coarse 
aggregate breakd own,  the rutt ing susceptibi l ity, and volumetric properties of 
compacted HMA m ixes. The amount of aggregate breakdown on the 4 .75 mm 
sieve was not dependent on the aggregate type. The gran ite mixes showed a 
greater potentia l  to rutt ing than d id the l imestone mixes . On the other hand , 
the granite m ixes showed a greater potential resistance to fatigue cracking 
than did the l imestone m ixes at low and high stra in levels .  This is most l i kely 
due to the increased effective asphalt  content of the granite m ixes. 
Mal l i ck ,  Buchanan ,  Brown , and Huner [60] carried out a study to eva luate the 
effect of restricted zone on volumetric properties of mixes consisting of a l l  
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crushed and part ia l ly uncrushed materia ls us ing SGC. Two types of 
aggregate blends were considered ; one with a l l  crushed gran ite and another 
with crushed gran ite and 20 percent natural sand .  Three gradations for each 
type of aggregate b lend consisted of gradations ARZ, TRZ, and B RZ. None of 
the mixes conta i n i ng natural sand met a l l  the requ i rements for volumetric and 
gyratory properties. The mixtures for a l l  crushed materia l  met al l  requi rements 
when passing through the restricted zone and below the restricted zone. 
Kandhal ,  Lynn and  Parker [6 1 ]  a imed at determ in ing the best aggregate test 
method that ind icates the presence of detrimental p lastic fines i n  the fi ne 
aggregate, which m ay induce stripp ing in hot m ix  asphalt ( HMA) mixtures. 
Ten fine aggregates representing a wide range of m ineralogical  compositions 
and plasticity characteristics were used . Different testing methods were 
uti l ized ; Sand Equ iva lent Va lue,  P lasticity I ndex, and Methylene B lue Value. 
Superpave volumetric mix design was used to estab l ish the optimum asphalt 
contents . HWTD was used to evaluate the stripping potentia l .  Statistical 
analysis of testing results showed that the Methylene Blue Value test is best 
related to stripping .  
S imi larly, Kandha l ,  Lynn and Parker [62] presented the characterization tests 
for m ineral fi l lers related to performance of asphalt paving m ixture .  This study 
was undertaken to determ ine which P200 characterization tests are most 
re lated to the performance of asphalt  paving mixtures. Table 2 . 3  summarizes 
the suggested tests for mineral fi l lers characterization .  
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Table 2 .3 .  Recommended tests for Permanent deformat ion ,  fatig ue cracking 
and Stripping.  
Performance Parameter 
Permanent Deformation 




060 and Methylene 
Blue 
None 
0 1 0  and Methylene 
B lue 
Kandha l ,  Parker, and Mal l i ck [63J reviewed the state of practice for aggregate 
tests and specifications used by state transportation agencies to control 
qua l i ty of aggregate for HMA. The survey of tests and specifications ind icated 
considerable variation .  They emphasized the need to identify performance 
rel ated aggregate tests for HMA, to be adopted by a l l  h ighway agencies. 
Vavri k ,  Fries, and Carpenter [64] stud ied the effect of flat and elongated 
coarse aggregate on characteristics of SGC samples. I ncreased levels of 
F&E particles resu l ted in increased a ir  voids and more b reakdown and 
fracture of aggregate particles d uring gyratory compaction .  
Dewey, Robords ,  Armour, and Muethel [65] focused on the relationship 
between the laboratory characterization of aggregate wear and the 
result ing surface friction. They concluded that for aggregates that pol ish,  
a substantia l  amou nt of the pol ish ing occurs i n  the i n it ia l  phases of 
loading (passes). Pavements with low traffic levels (be low 2 , 000 ADT) wi l l  
typical ly experience the seasonal environmental effects of  weathering 
before the surface aggregates reach a substantia l ly pol ished condit ion. 
Pavements subjected to greater traffic levels may reach a substantia l ly 
pol ished condit ion,  regardless of environmental weathering .  Aggregate 
wearing index (AWl )  does not appear to have a s ign i ficant influence on 
the measured fie ld frict ion va lues for pavements with low traffic levels .  A 
strong relationsh ip between AWl and measured field frict ion is observed 
for pavements with g reater traffic levels.  
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In  the l iterature of the design of H MA, there exist severa l stud ies on the use of 
open graded aggregates. Open graded aggregates refer to the ones 
conta in ing l ittle or no mineral fi l ler and in wh ich the void space in the 
compacted aggregate are relatively large. Open-graded friction courses 
(OGFC) are specia l  purpose mixes used to improve surface frict ional 
res istance, m in im ize (bleed ing)  hydrop lan ing ,  reduce sp lash and spray, 
improve n ight v is ib i l ity, and lower pavement noise levels .  These functions are 
achieved primari ly  by removing water from pavement su rfaces during periods 
of rain. 
Cooley et al [66] evaluated the use of cel lu lose fibers with i n  OGFC mixtures. 
They compared the role of cel l ulose fibers as compared to m inera l fibers in 
absorbing water du ring  ra in events without leading to premature fa i lures due 
to moisture damage. They concluded that cel lu lose fibers performed 
comparably to m inera l fibers both in the fie ld and laboratory .  
Kandhal  and Ma l l i ck [67] presented the results of a su rvey on the use of 
OGFC and the field performance. The survey showed that s ign ificant 
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improvements have been observed in the performance of OGFC. A vast 
m ajority of agencies reporting good experience use OGFC. 
Ma l l ick, Kand ha l , Cooley a nd Watson [68] eva luated the performance of 
OGFC in the l aboratory with d ifferent gradations and types of add itives. The 
m ixes were eva luated for dra inage abi l ity , permeabi l ity, abras ion ,  rutti ng ,  and 
moisture susceptib i l ity. They suggested a tentative mix design system for the 
coarse new-generation OGFC. Mod ifiers, whether polymer and/or fibers , 
were also shown to enhance the performance of OGFC mixes. 
Moore, H icks and Rogge [69] compared the performance of the dense and 
open graded m ixtures . The reported benefits of the open graded aggregates 
i nclude reduction splash and spray over dense graded m ixes , better rut 
res istance, less susceptib i l ity to strippi ng and red uced t ire pavement noise. 
In the l iterature of the design of HMA, there exist several studies on the use of 
Stone Matrix Aspha lt SMA m ixtures. SMA rel ies on  stone-on-stone contact to 
resi st permanent deformation.  Compared to a typical dense-graded mixture, 
SMA is a gap-graded coarse g radation (missing fine g rades) with s ign ificantly 
h igher VMA. The h igher VMA results in h igher asphalt  b inder contents with 
thicker asphalt fi lms  on aggregate particles. This fi lm  must be stab i l ized to 
prevent the b inder from dra in i ng from the aggregate surface whi le hot. Binder 
stabi l ization is ach ieved by form ing mastic of aspha l t, stab i l izer, crushed fine 
aggregates, and  m ineral fi l ler. The mastic is usual ly formed by the addition of 
fi l lers such as cel l u lose fibers or polymer modification to raise the viscosity 
and stabi l ize the flow properties at high temperatures.  The mastic is further 
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stab i l ized during the m ixing with aggregate by us ing a gradation with relatively 
large amounts of fi nes. A key property in SMA is the stone-on-stone contact 
that provides the m ajority of the deformation res istance. Thicker asphalt fi lms 
on aggregate particles provide for i ncreased durabi l ity by red ucing the abi l ity 
of water to penetrate the asphalt fi lm  and d isp lace the asphalt from the 
aggregate surface. I n  addit ion,  thicker asphalt  fi lms oxidize s lower because of 
the i ncreased d i ffusion t ime of oxygen penetrating a thicker fi lm .  
Lynn ,  Brown and Cooley [70] compared the mixture properties and 
characteristics of SMA and Superpave mixes hav ing the same nominal  
maximum aggregate s ize. The experimental resu lts ind icated that the ARZ 
g raded Superpave mixes to perform better than SMA. Furthermore ,  the 
Superpave mixes were determined to be less permeable than the SMA mixes . 
Woodman and Emery [7 1 ]  conducted field surveys for several SMA roads. 
They reported on the l i fe-cycle cost analys is of the SMA, and showed it to be 
economical ly favorable compared to conventional  surface course mixes. 
Characterization testing ind icated SMA to have enhanced rutti ng res istance 
and fatigue endurance as wel l .  Woodman ,  Bur l ie ,  Dhai l lon and E mery [72] 
reported more on the use of SMA as wel l  as other h igh stabi l ity m ixes in 
Canada. I nspection and testing ind icated that these asphalt  m ixes are 
meeting the performance objective of improved resistance to rutting, 
res istance to crack ing ,  and d urabi l ity. 
Sh iau ,  Lin ,  and Guo [73] studied the effects of aggregate gradation on 
permanent deformation of HMA. Different aggregate gradations were used 
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i ncluding dense g radated aspha lt DGA, stone mastic asphalt SMA, and hot 
rol led asphalt H RA. Marsha l l  and SGC mix design method were uti l ized to 
design the mixtures. The SMA was reported to exhibit stronger rutting 
resistance than DGA and H RA. SMA specimens a lso exhibited higher 
Resi l ient Modu lus  (Mr) and ind i rect tensi le strength than the other gradations 
at high temperature,  but lower Mr and ind i rect tensi le strength at low 
temperature. 
Brown et al [9] presented a mixture design procedure for SMA mixtures. 
Various mixtures were prepared using various aggregates, fi l lers ,  asphalt 
b inders ,  and stab i l iz ing additives. The resu lts showed that very l i tt le rutting 
with SMA. For the pavements with air voids fa l l i ng below the 3 percent range, 
some rutt ing was observed . They a lso stud ied the effect of Marshal l  b lows or 
SGC gyrations on the aggregate breakdown. Recommendations to account 
for the aggregate breakdown in design were provided . 
Brown and Haddock [74] eva luated the effect of the compaction method on 
the SMA aggregate breakdown. Five methods were considered ; Marshal l  
hammer, SGC, dry-rodded test, vibrati ng table, and v ibrating hammer. I n  
genera l ,  the Marsha l l  hammer and SGC produced the l owest voids i n  coarse 
aggregate (VCA) va l ues whi le the vibrating hammer gave the h ighest. The 
SGC appeared to d up l icate the coarse aggregate breakdown found in an 
SMA mixture compacted with the Marsha l l  hammer. They suggested that 
amount of aggregate breakdown to occur during construction should be 
quantified to determine if it is s imi la r  to that produced by the Marsha l l  hammer 
and SGC methods d uring the SMA mixture design .  Kandha l ,  Mal l ick and 
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Brown [7] recommended the use of SMA for the hot mix asphalt for 
intersections i n  hot c l imates ,  merely for the top layer of pavement where 
rutt ing is mostly encountered . 
2 . 6  Mod i fied As p h a lt M ixtures 
There are an endless number of mod ifiers ava i lab le to improve various 
properties of asphalt  b inders. The class ifi cat ion of asphalt modifiers can be 
based on the mechanism by wh ich the modifier a lters the asphalt properties 
and the composit ion and nature of the modifier. Mod ified asphalt b inders are 
considered to be mu lt iphase systems in  which the mod ifiers a re dispersed into 
the asphalt cement phase. The most common modifiers in l i terature are the 
polymer and rubber. 
2 .6 . 1 Polyme r  Mod i fied Asphalt  
The simplest polymer used i n  PMA is polyethylene. Polypropylene i s  also 
used to mod ify aspha lt . Other common asphalt-modify ing polymers i nclude 
co-polymers of ethylene and ethylene vinyl acetate ( EVA) . When blended with 
asphalt ,  polymers can behave in two different ways. If the polymer forms 
d iscrete particles i n  the asphalt ,  i t  funct ions primari ly  as a thickener. 
Thickeners i ncrease the viscosity of the aspha lt without s ign i ficantly affecting 
the low temperature properties. If the polymer forms a conti nuous network i n  
the asphalt ,  it can  improve both the h igh  and low temperature propert ies of 
the asphalt [75]. 
Hein el at [76] conducted a d istress survey for representative sect ion with the 
polymer modified asphalt cement and another control section with 
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conventiona l  aspha lt cement with s imi lar design ,  environmental and loading 
characteristi cs. The polymer modified section exhibited better fatigue 
endurance a n d  improved rutt ing res istance compares to the conventional 
asphalt concrete. They also argued that while the polymer mod ified sections 
may have higher total i niti a l  cost, they do have a lower l i fe-cycle cost. 
Noureld in ,  Hozayen and Sharaf [77] i nvestigated the seasonal vari ations i n  
the structural characteristics o f  pavement layers (defection ,  asphalt  concrete 
modulus,  base course modu lus ,  and subgrade res i l ient modulus) with and 
without polymer  modified aspha lts b inders. Analysis of result for the polymer 
modified sections and the u nmodified control sections ind icated that asphalt 
concrete modu lus is the parameter mostly affected by the change in  
temperature fol lowed by deflection and  the base course modulus (especial ly 
at high temperature) .  Gal lego,  del Val and Tomas [78] presented a laboratory 
study on the age ing of various b inders and the asphal t  mixes produced with 
these b inders. They conc luded that the use of polymer  modified b inders i n  
asphalt mixes does not appear to  g uarantee an  enhanced res istance of  the 
mix to the age ing .  
Johnson and F reeman [79]  assessed the effects of  polymer mod ification on 
the asphalt m i xture rutting  potentia l ,  durabi l ity and resistance to thermal 
cracking .  They concluded that the addition of the polymer to high binder 
contents can enhance d u rab i l ity and resistance to thermal crack ing .  The 
polymer-modified test sections exhibited acceptable res istance to rutting .  
59 
Anderson et al [ 1 8] assessed the effect of using polymer modified mixtures by 
i nvestigat ing the field performance of test sections constructed with six 
d ifferent aspha lt mod ifiers. The field surveys confi rmed the existence of 
ravel ing ,  cracking at jo ints (for the overlay above rig id sections) and 
longitudina l  fatigue cracking .  The measured rutt ing on  the polymer-mod ified 
mixtures was min ima l .  
Chen a nd Huang [80] conducted field and laboratory evaluation of  the 
ASTM specifi cat ion for polymer-mod ified asphalt ( PMA) b inders. A test 
road was constructed in this study to monitor the performance of asphalt 
pavements made of two stra ight and two PMA binders .  The laboratory 
and fie ld test resu lts i nd icated higher e lasticity,  h igher ag ing res istance, 
h igher viscosity and lesser deformation for the PMA m ixtures. The ASTM 
specification tests i ncl ud ing penetration ,  viscosity and elastic recovery, 
despite of thei r  effective use to d ifferentiate between straight and PMA, 
they are not rel i able ind icators to pred ict pavement performance.  
Crossley and Hesp [8 1 ]  explored the possib i l ity to ut i l ize reactive polymer 
modifiers to lessen moisture damage in H MA. The presented resul ts ind icated 
that the addi t ion of polymers to asphalt can s ign ifi cantly reduce moisture 
damage, with h igher molecular weight polymers perform better. Furthermore, 
both the rutting  res istance and the low temperature fai l u re characteristics 
were expected to improve . 
Khattak and Balad i  [82] studied the fatig ue and permanent deformation 
res istance of polymer-mod ified asphalt m ixtures. The mix design of the 
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stra ight, p rocessed and P MA mixtures were conducted us ing the standard 
Marsha l l  m ix  design procedure.  Results ind icated n o  s ign ificant d ifference in  
the res i l ient modul i  between the processed and PMA mixtures ( i . e. no change 
in the elastic behavior of the mixtures by the add it ion of polymer). Fatigue 
resistance and  rutt ing potentia l  statistical models were developed . The 
analyses of these models i nd icated that the addit ion of polymer i ncreases the 
laboratory fatigue l ife of asphalt mixtures and decreases thei r rut potentia l .  
Bonnett i ,  Nam and Bahia [83] selected a set of  unmodified and modified 
b inders a nd tested under a range of loading modes, stress or stra in  
amplitudes , temperatures ,  a nd frequencies. The modified asphalts showed a 
wide range of results i ndicat ing that the type of modification has a s ign ificant 
effect on the fatigue l ife of the base asphalts. Also, the fatigue performance 
varies s ign ificantly depend ing on the testing condit ions. It is observed that the 
most favorable appl ication  condit ions for using modified asphalt b inders are at 
medium energy level ( typ ica l  of lower loads) , stra in-contro l led condit ions 
(typical of weak  pavement support layers) ,  and lower frequencies of loading 
(typica l of s low moving traffic) . The least favorable condit ions for using 
modified b inders to improve fatigue performance of pavements are high 
energy levels (very heavy loads) , stress control led condit ions (typical of th ick 
and stron g  pavements) ,  and high frequency (typical of fast moving traffic) . 
Wang et a l  [84] eva luated eight PMAs for their engineering properties 
i ncluding toughness and tenacity ,  phase separation ,  and elastic recovery 
behavior, shear i ndex, v iscosity and penetration values. Based on the results 
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of toughness a nd tenacity, the use of polymers improved the toughness of 
base asphalt  and especia l ly the tenacity values dramatica l ly i ncreased . 
2.6.2 R u bber m od ified 
The ' rubber-modified aspha lt' i s  a generic term to describe the various ways 
scrap t ire rubber a re incorporated i nto asphalt pavements. I n  general ,  rubber­
modified aspha lt i s  c lassified i nto wet and dry processed. The wet process i s  
any method that b lends rubber with asphalt cement prior to  incorporating the 
binder with aggregate. The dry process i nvolves methods that mix rubber with 
aggregate before the m ixture is charged with asphalt  b inder. The wet process 
is the one predominantly used today.  There are several advantages for using 
rubber-modified aspha lt .  F i rst, it is  economica l .  Also, pavement conta in ing 
rubber-modified asphalt  is  quieter than that conta in i ng trad itiona l  materia l .  
Mostly important is  the environmental impact; rubber-modified asphalt creates 
a market that consumes more than over three b i l l ion tons of scrap ti re rubber 
[85]. Carrick et a l  [86] stud ied the feas ib i l ity, the problems and the process of 
using of rubber modified aspha lt in a demonstration  project. They reported no  
materia ls ,  m ix design ,  production ,  p lacement or compaction problems with the 
binder course a nd surface rubber modified mixes. 
Bjon [87] a rg ued that the addit ion of rubber modifier to an asphalt mix resu lts 
in substantia l  improvement of the performance of the asphalt. He pointed out 
many appl ication  areas,  where the advantages of rubber-mod ified asphalts 
have been fu l ly demonstrated; pavements with heavy trafficked lanes, 
taxiways i n  a i rports, industria l  harbor areas, road crossings and bus-stopping 
bays where rutti ng is a problem. 
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Hunt [88J  pointed out the "dry-processed" rubber modified aspha l t  concrete 
sections performed worse than the correspond ing control section with a 
tendency towards rave l ing .  He a rgued that i nconsistencies i n  the dry process 
mixes lead to construction problems and early fa i l ures . The cost analyses for 
dry process systems ind icated i ncreased costs from 50 to 1 00% over 
conventiona l  mixes. The open-graded mixes constructed with the "wet 
process" had vary ing resu lts , with m ajority support ing well performance. 
Chapter Th ree 
C ha pter Th ree 
Experi menta l Work Methodology 
3.1  Experi m enta l Work Overview 
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The experimental work is carried on us ing the Marsha l l  testing i nstrument, 
and the Superpave gyratory compactor with the APA test. The Marshal l  tests 
were carried out accord ing to the American Society of Testing Materia ls 
(ASTM) and American Association Society of H ighway Transportation 
Offi cia ls  (AASHTO) standards  for materia l  testi ng .  Marsha l l  Stabi l ity tests 
were done accord ing to the ASTM 0 1 559-96. The S uperpave Gyratory 
compactor was app l ied accord ing to the Asphalt I nstitute Superpave series 
No .2  [ 1 2] .  The Asphalt Pavement Analyzer (APA) testing was carried out 
according to the Georg ia  Department of Transportation specifications 
(GOOT 1 1 5) [89] .  
Due to the large combination of factors of potentia l  i nfluence on  the pavement 
performance, i t  was decided to l im it the experimental testing to the most 
important three factors (as ind icated in the Chapter Two) . These factors are 
the aggregate type, the aggregate gradation and the b inder content. Three 
levels were identified for each factor; that would sum u p  to a tota l of 27 
d ifferent mixtures. The effect of the aggregate type (source) on the pavement 
performance was accounted for by considering three types of aggregates; 
from Ras-AI-Kha imah (R.A. K . ) ,  AI-Ain ,  and Fujairah.  The effect of the 
aggregate gradat ion was accounted for by considering three different 
aggregate gradations (classified herein as "Lower", "Middle" and "Upper" 
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grades) . The g radation class represents the general location of the aggregate 
blend with in the specification l im it of the aggregate g radation. The "Lower" 
class refers to the aggregate blend at the lower end of the g radation 
specifi cation range; the "Fu l ler" class refers to the blend suggested by Ful ler 
Thompson [ 1 ] ;  the "Middle" class refers to the blend in the m iddle range of the 
aggregate gradation specification;  and the "Upper" class refers to the blend at 
the upper end of the gradation specification  range. F igures 3. 1 through 3 .3  
show the aggregate g radat ions for the three aggregate types. Three d ifferent 
b inder contents were also used (3%, 3 .5% and 4%). 
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3 . 2  Mars h a l l  Tests 
The Marsha l l  method starts with the preparation of aggregate. The d ry 
aggregate s ieve analys is was used for aggregate b lend ing ;  the aggregates 
were separated i n  d i fferent pans for aggregate source and d ried to constant 
weight at 1 05°C to 1 1 0°C (220° F to230°F) to remove any moisture i nside the 
aggregate, as shown in Figure3.4 .  
Fig ure 3 .4 :  Aggregate i n  Oven 
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Aggregate s ieve a na lysis was conducted (as shown i n  F igure 3 . 5) to separate 
the aggregates into the standard s ieve sizes i nclud ing :  
1 9 . 0+ mm (3/4 in . )  
1 9 .0  m m  (3/4 in . )  to 9 .5  mm (3/8 in . )  
9 .5  mm (3/8 in . )  to 4 .75 mm (No .4) 
4.75 mm (No .4) to 2 . 36 mm (No. 8) 
2 .36- mm ( No.8)  
F ig u re 3 .5 :  Aggregate Sieve Analyses. 
The various aggregate s izes were blended accord i ng to the aggregate 
gradation of three aggregate types and gradations.  Figure 3 .6 ,  Table 3. 1 ,  
Table 3 .2 ,  and Table 3 . 3 , show the s ieve analysis data converted to 
aggregate gradation .  
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Figure 3.6: Aggregate Batch Weight 
Table 3. 1 .  Fuja irah Aggregate Grade Distribution (Marshal l  Testing) 
Sieve Passing Retained Passing Retained Passing Retained 
Size % (lower) WT(lower) %(Middle) WT(Middle) %(Upper) WT 
(Upper) 
1 "  1 00 0 1 00 0 1 00 0 
3/4" 80 240 90 1 20 1 00 0 
1 12" 63 444 74 3 1 2  85 1 80 
3/8" 5 7  5 1 6  67 396 77 276 
No.4 40 720 50 600 60 480 
No. I O  25 900 35 780 45 660 
No.20 1 8  984 2 5 . 5  894 33 804 
No.40 1 3  1 044 1 9  972 25 900 
No.80 8 1 1 04 1 2 . 5  1 050 1 7  996 
No.200 5 1 1 40 7 . 5  1 1 1 0 1 0  1 080 
Total 1 200 1 2 00 1 200 
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Table 3 .2 .  R .A . K. Aggregate Grade Distribution (Marshal l  Testing)  
Sieve Size Passing Retained Passing Retained Passing Retained 
% (Iower) WT(lower) %(Middle) WT(Middle) %(Upper) WT 
(Upper) 
I "  1 00 0 1 00 0 1 00 0 
3/4" 80 240 90 1 20 1 00 0 
1 12" 63 444 74 3 1 2  8 5  1 80 
3/8" 57  5 1 6  67 396 77 276 
No.4 40 720 50 600 60 480 
No. I O  2 5  900 35 780 45 660 
No.20 1 8  984 25.5  894 33 804 
No.40 1 3  1 044 1 9  972 2 5  900 
No.80 8 1 1 04 1 2.5 1 050 1 7  996 
No.200 5 1 1 40 7 . 5  1 1 1 0 1 0  1 080 
Total 1 200 1 200 1 200 
Table 3.3. AI Ain Aggregate Grade Distribution (Marsha l l  Testing)  
Sieve Size Passing Retained Passing Retained Passing Retained 
%(Iower) WT(lower) %(Middle) WT(Middle) %(Upper) WT 
(Upper) 
I " 1 00 0 1 00 0 1 00 0 
3/4" 80 240 90 1 20 1 00 0 
1 12" 63 444 74 3 1 2  85 1 80 
3/8" 5 7  5 1 6  67 396 77 276 
No.4 40 720 50 600 60 480 
No. I O  2 5  900 35 780 45 660 
No.20 1 8  984 25.5 894 3 3  804 
No.40 1 3  1 044 1 9  972 25 900 
No.80 8 1 1 04 1 2. 5  1 0 50 1 7  996 
No.200 5 1 1 40 7 . 5  1 1 1 0 1 0  1 080 
Total 1 200 1 200 1 200 
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At least three-batch weights were done for each aggregate type and 
gradation .  A total of 8 1  batch weights were done. The aggregate blends were 
then put i n  the oven for 1 2  hou rs .  The Marshal l  mold and hammer (shown in  
Figure3 .7)  were a lso  heated to between 95' C and 1 50' C and the  asphalt 
b inder was heated to 1 50 'C ,  as shown i n  Figure3.8 .  
F igure 3 .7 :  Heating Marshal l  Mold 
F ig ure 3 .8 :  Heating the Asphalt B inder to 1 50' C 
The asphalt and  aggregate are thoroughly mixed together unti l  the aggregate 
particles are fu l ly  coated , as shown in  F igure 3 .9 .  
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F igure 3 .9 :  M ixing the Asphalt B inder with the Aggregates 
A piece of fi lter or  waxed paper, cut to size, was p laced in the bottom of the 
mold before the m ixture is placed in the mold.  The hot asphalt m ixtures are 
placed in  p reheated Marsha l l  Molds as shown in  Fig ure 3 . 1 0  i n  preparation for 
compact ion by the Marshal l  drop hammer. 
F igu re 3. 1 0 : P lac ing Hot Asphalt in Preheated Marshal l  Mold 
A total of 75 hammer blows (accord ing to the AAS HTO design  for heavy 
roads) were a ppl ied us ing a free fa l l  of 457 mm ( 1 8  in . ) .  The axis of the 
7 1  
compaction hammer was hold as nearly perpendicu lar to the base of the mold 
assembly d uring compaction as shown in F igure 3. 1 1 .  
F igu re 3 . 1 1 :  Mechanical Hammer 
The base p late and col l a r  were removed , reversed and the mold was 
reassembled . Then ,  the same number of blows was app l ied to the face of the 
reversed specimen.  After compaction ,  the base p late and the paper d isks 
were removed . The specimens were a l lowed to cool in air u nti l no deformation 
wi l l  result  when removing it from the mold. The specimens were then 
removed from the mold by means of an extrusion jack or other compression 
device, then p lace on a smooth, level surface until ready for testing .  Normal ly, 
specimens were a l lowed to cool overn ight. After the specimens cool to room 
temperature the specific  gravity is performed accord i ng to the ASTM 01 1 88. 
The specific  gravity a nd the density are calculated as fol lows. 
Maximum specific  gravity of paving mix = N (A-C) 
Density of specimen = AI (B-C) 
Where :  
A= Mass of the dry specimen in  a i r. g .  
(Grams) (3 . 1 )  
( g  / em 3 ) (3 .2) 
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B= Mass of saturated su rface dry weight of specimen in  a i r. g.  
and 
C= Mass of the specimen in water. g .  
For example.  for R .A. K.  aggregates A =  1 266.4 g .  B= 1 268.4 g .  and  C =  760 g .  
The maximum specific  g ravity o f  paving m ix  = 1 266.41 ( 1 266 .4-760) = 2 .5  g .  
And . the density of  specimen = AI (B-C) = 1 266 .41 ( 1 268.4-760) = 
2 .491  ( g 1 em 3 ) . 
Specimens were immersed i n  water bath at 60°C ± 1 °C ( 1 40°F  ± 1 . 8° F) for 30 
to 40 m inutes before performing the Marshal l  testing  as shown in  F igure 3. 1 2 . 
F igure 3. 1 2 : Specimens Immersed in  Water Bath at 60°C. 
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The ins ide surfaces of testing head is thoroughly cleaned. Temperature of 
head shal l  be ma i nta ined between 2 1 . 1  ° to 37. 8°C (70° to 1 00°F) us ing a 
water bath when requ ired . When testing apparatus ready, the specimen is 
removed from water bath and the surface is d ried. Specimen should be i n  
lower testing head a nd center; then fitti ng the upper testing head into position 
and center com plete assembly in loading device. The flow meter is then 
placed over marked guide rod and adjusted to zero. The testing load is 
appl ied to the specimen at a constant rate of deformation,  51 mm (2 in . )  per 
minute, unti l  fa i l u re occurs as shown in  F igure 3. 1 3 . 
F igure 3 . 1 3 : Marsha l l  Testing Device 
The point of fa i l u re i s  defined by the obta ined maximum l oad reading.  The 
total number of Newton's ( I bs) requ i red to produce fa i lure of the s pecimen is 
recorded as its Marsha l l  Stabi l ity value.  The flow val ue for the specimen is 
expressed in un its of 0.25 mm ( 1 /1 00 i n . ) .  For example, if the specimen 
deformed 3.8 mm (0 . 1 5  in . )  the flow value is 1 5 . Upon completion of the 
stabi l ity test, a dens ity and voids ana lysis is performed for each series of test 
specimens. The purpose of the analysis is to determ ine by calcu lat ion the 
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percentage of a i r  voids i n  the compacted mix as shown in  F igure 3. 1 4. The 
voids' percentage in the mixture is calculated as fol lows : 
Void in the mix (V. I . M  %) = 1 00- ( 1 00XCDM)/SGM (3 .3) 
Where, CDM= Average compacted density of specimen 
SGM= Maximum specific gravity of paving mix 
For example ,  for the "Lower" grade for RAK aggregate ,  the V. I . M  % = 1 00-
( 1 00X2 .461 )/2 . 577= 4 .5 .  
S imi larly ,  the percentage of  voids in m ineral aggregates is calculated as  
fol lows: 
Void in m ineral aggregate (V. M .A %) = 1 00- (%Agg. X CDM)/SGA (3.4) 
Where, SGA = Bulk specific gravity of total aggregate.  
For example,  for the "Lower" g rade for RAK aggregate, the V.M.A % = 1 00-
(97X2 .46 1 )/2 .685= 1 1 . 1  
The percentage of voids  fi l led with asphalt is calcu lated as fo l lows : 
Void fi l led with aspha lt (V. F .A) = {[(PbeXCDM)/SGA)] / VMA} x 1  00 (3 .5)  
Where, Pbe = Effective bitumen content, 
For example ,  for the "Lower" grade for RAK aggregate ,  the V. F .A= 
{[(2.79X2 .461 )/2 .685]/1 1 . 1 }X 1 00= 59.4.  
F ina l ly, the loss of stab i l ity was tested accord i ng to the Publ ic  Works 
Department (PWD) specifications [91 ] .  Two specimens were crushed after 20 
minutes and two after 24 hours .  For example ,  applying the loss of stabi l ity test 
on the aggregates of AI Ain ,  the fol lowing stab i l ity values were obta ined: 
Stab i l ity (crushed after 20 minutes) = 2386 Kg 
Stab i l ity (crushed after 24 hours) = 1 730 Kg 
And the loss of stab i l i ty = [(2386- 1 730)/2386] X 1 00 = 27.5% 
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Figure 3. 1 4 : Marsha l l  Testing Curves for M ix the R.A. K Crushed Aggregate 
and Lower L imit g rading.  
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3,3 Su perpave Gyratory Com paction 
The preparation of the aggregate for the superpave testing i s  same as the 
Marsha l l  method , with the exception of the aggregate size. The specimen s ize 
for the gyratory compactor is 1 50 ±5 mm in d iameter and 75 ± 2 mm in height. 
The Aggregates are fi rst dried to a constant mass at 1 05' C - 1 1 0  ' C. Dry 
sieve analysis i s  then used to separate the aggregates to desired s ize 
fractions. F igure 3 . 1 5  i l lustrates the three aggregate gradations used for 
Superpave testing for Fuja i rah aggregate type . .  Tables 3.4 through table 3. 1 2  
show the batch weights for the various aggregate types and g radations. 
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Figure 3 . 1 5 : S ieve Distributions for the Various Aggregate Types . 
Table 3 .4 .  AI-Ain "Lower" Limit Aggregate Grade Distribut ion (Superpave 
Testing) 
AI-Ain "Midd le" Limit Aggregate Grade Distribut ion (Superpave 
Table 3 .6 . AI-Ain "Upper" L imit  Aggregate Grad� Distrib ut ion (Superpave 
Test ing) 
_AT�� WEIG�O��L��N UfR�B�fi��fO��rs� 
',",_ , DIFF. · :EN Bn:uMEN eERCE� !�,� 'i' •. 
SIEVE SIZE %PASSING 3.0% 3.5% 4.0% 
1 "  1 00 N IL N IL  N IL 
3/4 1 00 N IL N IL  N IL  
1 /2 85 442 445 444 
3/8 77 678 682 681 
N0 4 60 1 179 1 1 86 1 184 
NO 1 0  45 1 621 1 630 1 628 
NO 20 33 1 975 1 986 1 983 
NO 40 25 221 1 2223 2221 
NO 80 1 7  2447 2460 2458 
NO 200 1 0  2653 2668 2664 
TOTAL 2948 2964 2961 
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Table 3 .7  Fuja irah "Lower" L im it Aggregate Grade Distribution ( 
Superpave Testing)  
78 
Table 3 .8 . Fuja irah "Midd le" L imit  Aggregate Grade Distribut ion (Superpave 
Testing) 
Table 3 .9 .  Fuja irah "Upper" Limit Aggregate Grade Distribution  
(Superpave Testing)  
� �lCH��EIGW .F-()R §U���H UP.PER GR�N�JPBl.� ·� . ':. :' ·.�-DIFFERENT: SlitU.MEN P.ERCEN . �,. �C. �F,.",, "3'" ;1J',� . .,'f 
SIEVE SIZE %PASSING 3.0% 3.5% 4.0% 
1 "  1 00 NIL N IL  NIL 
3/4 1 00 NIL NIL NIL 
1 /2 85 490 493 495 
3/8 77 751 755 759 
N0 4 60 1 306 1 31 4  1 320 
NO 1 0  45 1 796 1 806 1 8 15  
NO 20 33 21 88 2200 221 1 
N0 40 25 2450 2463 2475 
N0 80 1 7  271 1  2726 2739 
NO 200 1 0  2939 2956 2970 
TOTAL 3266 3284 3300 
Table 3. 1 0 . RA.K "Lower" L imit Aggregate Grade Distribut ion (Superpave 
Testing)  
�.c .f" .. '!".,... .:5 rt�.� ;'!-h� � ···· '· ' -� �f·mrD ·-� ��l , � t :-» ... � \�  :.6 � � � .. �'; .. " :   a:� .. 8.'.�.ill-.1.  � :.1,Jfilli �';'>:"'-' 'cw 
SIEVE SIZE %PASSING 3.0% 3.5% 4.0% 
1 "  1 00 N IL  N IL  N IL  
3/4 80 625 625 626 
1 /2 63 1 1 56 1 1 56 1 1 59 
3/8 57 1 343 1 343 1 347 
N 0 4 40 1 874 1 874 1 879 
NO 1 0  25 2343 2343 2349 
NO 20 18  2562 2562 2568 
N0 40 1 3  2718 271 8  2725 
NO 80 8 2874 2874 2881 
NO 200 5 2968 2968 2975 
TOTAL 3 1 24 3 1 24 3 1 32 
Table 3. 1 1 .  RA. K "Middle" L imit  Aggregate Grade Distrib ut ion (Superpave 
Testing) 




The bitumen is heated to the temperature to produce k inematic v iscosity of 
1 70 ± 20 centistokes. This temperature was estimated from the v iscosity vs. 
temperature curve. The m ixing bowl is then charged with the heated 
aggregates a nd the bitumen,  and the mix is done thoroughly unti l the 
aggregate are entirely coated. The mix is then placed i n  the conditioning oven 
for 2 hours. At the end of the short-term aging period (the two-hour period) ,  
the AASHTO T209 / ASTM 02041 test was carried o ut. The compaction 
pressure is set to 600 Kpa , the compaction ang le to 1 .25 degrees. The 
preparation also i nc ludes the sett ing of desired n umber of gyrations ,  Ndes. The 
prepared specimen mold i s  centered under the load ing ram (as shown i n  
F igure 3. 1 6) .  When the system starts ,  the ram extends down into the mold 
cyl i nder and contacts the specimen.  The ram extens ion stops when the 
pressure reaches 600 kPa.  The 1 .25  angle of gyration is then app l ied and the 
gyratory compact ion starts . 
Figure 3. 1 6 : The Prepared Mold Centered U nder the Load ing Ram. 
During compaction ,  the specimen height is conti nuously recorded after each 
revolution. When Ndes i s  reached, the angle of gyratio n  is re leased and the 
loading ram is raised . The specimen is then s lowly removed from the mold,  as 
8 1  
shown i n  F igure 3 . 1 7 . A total of 8 1  specimens are prepared (th ree for each 
combination of aggregate source,  gradations, and binder content) 
F igure 3 . 1 7 : Specimen Released from the Mold After Gyration 
Figure 3. 1 8  shows a sample of the resu lts obta ined from the Superpave 
gyratory compactor. The specimen density i s  then calculated (as shown i n  
Table 3. 1 3) us i ng the same equations (3 . 1  and  3 . 2) previously expla ined i n  
the Marsha l l  testi ng .  
Table 3 . 1 3. Specimen Density Calcu lation ( F uja irah "Middle" L imit  
Aggregates) 
S PC I M E N  DENSITY 
SPCIMEN 3.0% 3 .50% 4.0% 
DIA (MM) 1 49.8 1 49.6 1 49.8 
THICK ( M M )  76.3 76. 1  76.2 
WT I N  A I R  3341 .6 3373.6 341 5.6  
WT I N  S S D  3361 .9 3395.1 3424.2 
WT IN WAT E R  2042.8 2080.6 21 1 4  
VOLUME 1 31 9. 1  1 31 4. 5  1 31 0 .2 
BULK .SP G R  2.533 2 .566 2.606 
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Figure 3. 1 8: Sample of the Superpave Gyratory Compactor Results . 
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3.4 Asphalt Pavement Ana lyzer (APA) Testi ng 
The APA, shown in  F igure 3 . 1 9 , a modification of  the G LWT, is  used in  testing.  
F igure 3 . 1 9 :  Testing Using Asphalt Pavement Analyzer. 
The APA has been used to eva l uate the rutting ,  fatigue,  and moisture 
res istance of H MA mixtures . S ince the APA is the second generation of the 
GLWT, it fo l lows the same rut testing procedure.  A wheel is loaded onto a 
pressurized l i near hose and tracked back and forth over a testing sample to 
induce rutti ng .  S imi lar  to the G LWT, most testing is carried out to 8 ,000 cycles. 
Un l i ke the G LWT, samples also can be tested whi le submerged in  water. 
Testing specimens for the APA can be either beam or cyl indrica l .  The APA 
test is carried on the specimens prepared by the Superpave gyratory 
compactor, as  shown i n  figure 3 .20. 
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Figure 3. 20: Insert ing the Superpave Specimens into APA Molds 
The temperature is set to 60· C, the hose pressure to 1 00 psi , and the cycle 
count gauge to 8000 cycles . The rutting depth is measured at the end of each 
1 000 cycles. F igure 3 . 2 1  shows AI-Ain specimens (after the APA test) . The 
results of the APA test wi l l  be d iscussed l ater in Chapter 4. 
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Figure 3.2 1 : Specimens of AI-Ain Aggregate Mixtures after the APA Test. 
Chapter Fou r  
4 . 1  I ntrod uction 
C hapter Fou r 
Experim enta l Res u lts 
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The results of the experimental work are presented and discussed for the 
three set of tests done by Marshal l testing, Superpave Gyratory Compactor 
(SGC) and Asphalt Pavement Analyzer (APA) . This chapter is d ivided into five 
sections. Section 4.2 summarizes a l l  the experimental results for Marshal l  
testing . The effect of d ifferent binder content with d ifferent aggregate grading 
is d iscussed in  section 4.2 .  Also, the effect of d ifferent materials from R .A. K, 
AI-Ain and Fuja i rah aggregate is addressed in this section . Section 4.3  
presents the results of the SGC and Section 4.4 d iscusses the APA results . 
4.2  M a rs h a l l  Test i n g  Resu lts 
As explained in Chapter 3, a tota l of 1 35 specimens were prepared for 
Marshal l  testing using d ifferent binders' content, aggregate types and g rading. 
Appendix A reviews the Marshal l  design criteria and Min imum VMA 
requirements. 
4.2 . 1  R .A.K a g g regate 
Tables 4 . 1  through 4.3  show the results of the Marshal l  testing for the R .A. K 
aggregate for the three aggregate grade d istributions ( lower, m idd le and 
upper) . As shown in table 4. 1 ,  the mix design with 3% binder content and 
lower g rading has the highest stabi l i ty among a l l  mix designs. The 4% binder 
mix design has the least stiffness. The mix design with 3% binder content has 
the least loss of stabi l i ty percent together with least flow. It could be 
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concluded that the mix design with 3% binder content offers good 
compromise for its highest stabi l i ty, least flow, highest stiffness and least loss 
of stab i l i ty. The RA. K m idd le l imit grad ing resu lts are presented in table 4.2.  
The 3% b inder content offers the best compromise for i ts highest stabil ity, 
least flow, and highest stiffness. The 3.5% binder mix resulted in  least loss of 
stabi l ity val ue. The R .A. K upper l imit  g rading results are presented in table 
4.3 .  The 3. 5% binder content offers the best compromise for its high stabi l i ty, 
least flow, h ighest stiffness , and least loss of stabi l ity. The 3% binder mix 
showed s l ightly better stabi l i ty results than the 3.5% binder mix. 
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I t  f R A K resu s or t I d d '  t ' b . aggrega e ower gra e IS n utlon. 
Voids V.F.A V.M.A Stabi l ity F low Stiffness Loss of 
% % % Kg mm K g/mm Stabi l ity 
% 
4.5 59.4 1 1 .1  1491 2.9 5 1 4  18.4 
3 .2  71 . 1  1 1 .0 1402 3.1 452 28.3 
1 .9 82.4 1 1 .0 1 1 99 3.7 324 26.7 
Marshal l  results for RA. K aggregate m idd le grade d' f Istnbu Ion. 
Marshal l  Voids V.F.A V.M.A Sta bi l ity F low Stiffness Loss of 
Density % % % Kg mm Kg/mm Stabi l ity 
(gm/cc) % 
2 .456 4.7 58.3 1 1 .3 2 1 20 3.0 707 23.1 
2.484 2.9 73.4 1 0.7 1 923 3 .5  549 17 .6 
2.497 1 .7 85.0 1 0 .7 1 445 3.6 401 22.4 
Marsha l l  results for RA. K aggregate upper gra e IS n u lan. 
Marshal l  Voids V.F.A V.M.A Stabi l ity F low Stiffness Loss of 
Density % % % Kg mm Kg/mm Stabi l ity 
(gm/cc) % 
2.447 5.0 56.5 1 1 .6 2815  3.1 908 3 1 .8 
2.477 3 . 1  7 1 .2 1 1 .0 2805 3.0 935 21 .6 
2 .494 1 .7 84.1 1 0.8  2217 3.0 739 26.6 
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4.2.2 F uj a i ra h  a g g regate 
Tables 4.4 through 4 .6  show the resu lts of the Marsha l l  testing for the Fujairah 
aggregate for the th ree aggregate grade distributions ( lower, m iddle and 
upper) .  As shown in table 4 .4 .  the mix design with 3% binder content and 
lower grading has the least flow and h ighest stiffness among a l l  mix designs. 
The 3 .5% binder mix design has the h ighest stabi l i ty and least loss of stabi l ity. 
It could be concluded that both the 3% and the 3 . 5% offer good compromises 
for the Fuja i rah aggregate with lower grade distribution. 
The Fuja i rah m iddle l im it grading results are presented in table 4.5. The 
highest stab i l ity and stiffness are achieved with the 4% binder content. On 
the other hand, the 3 .5% binder mix resulted in least flow and loss of stabi l ity. 
The Fuja i rah  upper l im it grading resu lts are presented in table 4 .6 .  The 4% 
binder content offers the best compromise for its h igh stabi l ity, highest 
stiffness, and least loss of stabi l i ty. The 3% and 3 .5% binder mixtures showed 
sl ightly lesser flow values than the 4% binder mix. 
Table 4 .4 .  Marshal l  results for Fuja i rah aggregate lower qrade d' Istributlon. 
Bitumen Marshal l  Voids V.F.A V.M.A Stabi l ity F low Stiffness Loss of 
% Density % % % Kg mm Kg/mm Stabi l ity 
(gm/cc) % 
3.0 2.539 7 .5 45.3 1 3.9  1 9 19  2.8 685 21 .8 
3.5 2 .564 5 .8  56.4 1 3. 5  1 927 3.1 622 14.0 
4.0 2.574 4.7 65.5 1 3.6 1752 2.9 604 14.8 
Table 4 .5 .  Marshal l  results for Fuja i rah aggregate m iddle grade d istribution. 
Bitumen Marshal l  Voids V.F.A V.M.A Stab i l ity Flow Stiffness Loss of 
% Density % % % Kg mm K g/mm Stabi l ity 
(gm/cc) % 
3.0 2 .538 7.6 45.3 1 3 .9 2 1 84 2.9 753 14.9 
3.5 2.563 5.9 56.4 1 3 .5  2379 2.7 824 1 3.4 
4.0 2.596 3.9 70.1 1 2.8  2456 2.8 877 1 5.8 
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Table 4.6 .  Marshal l  results for Fuja irah aggregate upper grade d istribution .  
Bitumen Marshal l  Voids V.F.A V.M.A Stabi l ity Flow Stiffness Loss of 
% Density % % % Kg mm Kg/mm Stabi l ity 
(gm/cc) % 
3.0 2.541 7.5 45.6 1 3.8 2799 2.7 1 037 27.9 
3.5 2.568 5.7 57.3 1 3.3 3 145 2.7 1 1 65 23.9 
4.0 2.595 3 .9 69.6 1 2.9 3278 2.8 1 1 71 1 7 .0 
4.2. 3  AI -Ain agg regate 
Tables 4.7 through 4 .9  show the results of the Marshal l  testi ng for AI-Ain 
aggregates for the three aggregate grade d istributions ( lower, m iddle and 
upper) .  As shown in table 4 .7 ,  the mix design with 4% b inder content and 
lower grad ing has the h ighest stab i l ity and least loss of stabi l ity among al l  mix 
designs. The 3 .5% b inder mix design has the highest stiffness values, and the 
3% binder m ix design has the least flow values. 
The midd le l im it grad ing results of AI-Ain aggregates are presented in  table 
4.8. The highest stab i l i ty and stiffness are achieved with the 3 .5% binder 
content. On the other hand ,  the 3% binder mix resu lted i n  least flow, and the 
4% binder mix resulted i n  least loss of stabi l ity. 
Table 4.9 i l lustrates AI-Ain upper l im it grad ing results. The 3 .5% binder 
content offers a g ood compromise for its h ighest stabi l i ty, and highest 
stiffness . The 3% binder mixture showed sl ig htly lesser flow values and loss 
of stabi l i ty .  
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Table 4 .7 . Marsha l l  resu lts for AI-Ain aggregate lower grade d istribution. 
Bitumen Marshal l  Voids V.F.A V.M.A Stabi l ity Flow Stiffness Loss of 
% Density % % % Kg m m  Kg/mm Stabil ity 
(gm/cc) % 
3.0 2.352 6.4 45.2 1 1 .8 1 402 3.6 389 26.6 
3.5 2.380 4.6 58.6 1 1 .2 1 590 3.8 418 24.3 
4.0 2.396 3.3 69.9 1 1 . 1  1 636 4.2 390 1 5.5 
Table 4.8. Marsha l l  results for AI-Ain aggregate midd le grade d istribution . 
Bitumen Marshal l  Voids V.F.A V.M.A Sta bi l i ty Flow Stiffness Loss of 
% Density % % % Kg m m  Kg/mm Stabil ity 
(�m/cc)  % 
3.0 2.362 6.0 47.0 1 1 .4 1 651 2.8 590 26.8 
3.5 2.376 4 .8  57.8 1 1 .3  1 786 2.9 6 1 6  25.5 
4.0 2.41 2 2 .7 74.4 1 0.5  1 764 3.1  569 25.3 
Table 4 .9 .  Marsha l l  results for AI-Ain aggregate upper grade d istribution. 
Bitumen Marshal l  Voids V.F.A V.M.A Stabi l ity Flow Stiffness Loss of 
% Density % % % Kg m m  K g/mm Stabi l ity 
(gm/cc) 
3.0 2 .322 7 .6  40.8 1 2.9 2716  3.4 799 
3.5 2 .348 5 .9  52.0 1 2.4 2925 3.5 836 
4.0 2 .359 4.8 6 1 .6 1 2 .4 2395 3 .6 665 
According to Marsha l l  design criteria ( in The U .A. E) for voids in mineral 
aggregates , the m in imum VMA requirements for b inder course specifications 
requ i res a 1 3% VMA for asphalt content ranging from 3 .5  to 4 .25% as shown 
in Table A. 2 (of Appendix A) 
Other VMA values (h ig her or lower than the 1 3%) would have a tendency to 
b leed and exh ibit p lastic flow when p laced in the field . Any amount of 
addit ional compaction from traffic leads to either inadequate room for asphalt 
expansion and hence bleeding (for VMA val ues lesser than 1 3%), or loss 
aggregate-to-aggregate contact, and eventual ly ,  rutt ing and shoving in high 
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The conducted tests exhibited different VMA values a s  shown in  tables 4. 1 
through 4 .9 .  Values ranged from 1 0 . 5  to 1 3 . 9% .  The variabi l ity i n  the VMA 
values could be attributed to the d ifference in  the aggregate shape ,  porosity 
and permeabi l ity of the d ifferent aggregates used in testing ( See Appendix B 
for aggregate shape) .  Among the three aggregates, only the Fujairah 
aggregates meet the Marshal l  specifications for VMA. 
4.3 S u perpave Gyrato ry Com pactor (SGC)  P repa ration 
Resu lts 
As indicated i n  Chapter 3, a tota l of 8 1  specimens were prepared for testing. 
For each aggregate grade d istribution, b inder content and aggregate type, 
three specimens were prepared (2 specimens for APA testing and 1 for 
density ca lculation) . The density calculation of three binder content with 
d ifferent aggregate g radation and aggregate type are presented in tables 4 . 1 0  
to 4. 1 8 . 
Table 4 . 1 0 . SGC density calculations for the R .A. K. lower g rade d istribution 
SPCIMEN 3.0% 3.50% 4.0% 
OIA (MM) 1 50 1 49 .8  1 50 
TH ICK (MMl 75 . 1  75 .2  75 .4  
WT IN AIR 32 1 2. 3  3220 3253 .3  
WT IN  SSO 3224.5 3225 .9  3254 .4  
WT IN  WATER 1 9 1 9 .2 1 926.8 1 948 .9  
VOLUME 1 305. 3  1 299. 1 1 305 .5  
BULK .SP GR 2 .46 1 2 .479 2 . 492 
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Table 4 . 1 1 .  SGC density calculations for the R.A. K. m idd le grade d i stribution 
SPCIMEN 3.0% 3 .50% 4.0% 
OIA (MM) 1 50 1 50 1 50 
THICK (MM) 75.9 76. 1 76 
WT IN  AIR 32 1 1 . 3 3236 3262 . 1  
WT IN  SSO 3230. 1 3244 .9  3265.6 
WT IN WATER 1 923 .6 1 940.6 1 958 .4 
VOLUME 1 306.5 1 304. 3  1 307 .2  
BULK .SP GR 2.458 2 .481  2 .495 
Table 4 . 1 2 . SGC densi ty calculat ions for the R A K upper grade d istribution 
SPCIMEN 3 .0% 3.50% 4.0% 
OIA (MM) 1 49 .8  1 49 .9  1 49 .9  
THICK (MM) 75 .3  75 .5  75 .6  
WT IN  AIR 3 1 84 3233.6 3264 .6 
WT IN  SSO 31 87.6 3238 . 1  3266. 3  
WT IN WATER 1 886.4 1 932 .5 1 957 . 3  
VOLUME 1 301 .2 1 305 .6 1 309 
BULK .SP GR 2 .446 2 .477 2 .494 
Table 4. 1 3 .  SGC density calculat ions for the Fuja irah lower g rade d istribution 
SPCIMEN 3.0% 3 .50% 4.0% 
OIA (MM)  1 49 .8  1 49 .8  1 49.8 
TH ICK (MM) 76.3 76 . 5  76. 1  
WT I N  A IR 3358 3385.6 3390 . 1  
WT IN  SSO 3386.7  3394.7  3398.2  
WT I N  WATER 2065.4 2074. 9  208 1 .4 
VOLUME 1 32 1 . 3  1 3 1 9 .8  1 3 1 6 . 8  
BULK . S P  GR 2 .54 1  2 .565 2 .574 
Table 4. 1 4. SGC density calcu lations for the Fuja irah middle g rade 
d istribution  
SPCIMEN 3 .0% 3.50% 4.0% 
OIA (MM) 1 49 .8  1 49.6 1 49 .8  
TH ICK (MM) 76.3 76 . 1  76 . 2  
WT I N AIR 334 1 . 6  3373.6 341 5. 6  
WT IN  SSO 3361 .9  3395 . 1  3424. 2  
WT IN WATER 2042 .8  2080.6 2 1 1 4  
VOLUME 1 3 1 9 . 1  1 3 1 4 .5  1 3 1 0 .2 
BULK .SP GR 2 .533 2 .566 2 .606 
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Table 4 1 5  SGC density calculations for the Fuja irah upper g rade d istribution 
SPCIMEN 3 .0% 3.50% 4.0% 
DIA (MM) 1 49 .8  1 49 6 1 49 .5  
TH ICK (MM) 75 75 75 .3  
WT I N AIR 3361 6 3402 3433 
WT IN SSD 3363 3405. 1 3436. 1 
WT I N WATER 2040 9 2080.8  2 1 1 6 .7  
VOLUME 1 322. 1 1 324.3 1 3 1 9 .4 
BULK .SP GR 2 . 543 2 .569 2 .602 
Table 4 . 1 6 . SGC density calculations for AI-Ain lower grade d istribution 
SPCIMEN 3.0% 3.50% 4.0% 
DIA (MM) 1 49 .6  1 49 .3  1 49 
THICK (MM) 76.5 76.4 76 
WT IN AIR 3064.6 3 1 05.4 31 1 9 .9  
WT IN  SSD 3092. 8  3 1 23 3 1 32 
WT IN WATER 1 790. 1 1 8 1 9  1 829 .6 
VOLUME 1 302.7 1 304 1 302 .4  
BULK .SP GR 2 .352 2 .381  2 .396 
Table 4 1 7  SGC density calculations for AI-Ain m iddle grade d istribution 
SPCIMEN 3 .0% 3 .50% 4.0% 
DIA (MM) 1 49 1 49 .6 1 49 .5  
THICK (MM) 76.5 76.2 76.4 
WT IN AIR 3081 .4 3 1 07 .3  3 1 42 .9  
WT IN  SSD 3089.8 3 1 25.4 3 1 52 .3  
WT I N  WATER 1 783 .8 1 8 1 7 .6 1 847 .3  
VOLUME 1 306. 1  1 307.8 1 305 
BULK .SP GR 2 .359 2 .376 2 .408 
Table 4 . 1 8 . SGC density calculations for AI-Ain upper grade d istribution 
SPCIMEN 3.0% 3 .50% 4.0% 
DIA (MM) 1 49 4 1 49 .5  1 49 
THICK (MM) 76 .2 76.7 76 . 3  
WT IN AIR 303 1 .4 3061 3072 .5  
WT IN  SSD 3034 .7  3066 .7 3075 . 8  
WT IN  WATER 1 729 .9 1 762.8 1 77 1 . 8  
VOLUME 1 304 .8  1 303. 9  1 304 
BULK .SP GR 2 .323 2 .348 2 .356 
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4.4. Asphalt  Pavement Analyzer (APA) Testi ng Resu lts 
The rut depth i s  measured at a prescribed number of repetitions (usual ly 
1 000, 4000, and 8000 cycles). The rut depth after 8000 cycles may be used 
as a pass/fa i l  criterion .  According to Georg ia  Department of Transportation 
(GOOT) [89] , a 7 . 5-mm rut IS considered as the l imit ing val ue that separates 
rutt ing from non-rutti ng susceptible mixes tested at 7± 1 %  voids .  Assume the 
densifi cation from 7 to 4 percent voids to be 2 .3  m m .  Thus, by subtracting the 
2 . 3  from the 7 .5-mm criterion g ives 5 .2  mm as the rut l im it for samples at 4 
percent vOids .  
4.4 .1  APA Resu lts for RAK Agg regates 
Tables 4. 1 9  through 4 . 2 1  i l l ustrate the results of  the asphalt pavement 
ana lyzer (rut depths) for lower, middle and upper grad ing of R .A .K  aggregate 
for 3 .0%,  3 .5  % a nd 4% binder content mix des igns .  Table 4. 1 9  shows the 
results of asphalt  pavement analyzer for lower grading of R .A. K aggregate. 
F igure 4 . 1 shows p lot of Rut depths for R.A. K aggregate of lower g rad ing for 
3 .0%,  3 .5% and 4% binder content. At 2000 strokes, the 3% binder content 
m ix  design has less rut depth than the 3 .5  % and 4% b inder content mix 
design .  Also, the 3% b inder content mix design exhibited least rutti ng for the 
4000 and 8000 cycles.  
Table 4 1 9  RAK Mixture Rut Depths (Lower l imit Grade Distribution) 
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Figure 4 . 1 :  RAK Mixture Rut Depths (Lower Limit Grade Distribution) .  
The APA rut depths of Middle g rading for R .A .K  aggregate are summarized in  
Table 4 . 20. As  shown in Figure 4 .2 ,  the rut depth curves for 3% and 3 .5% 
b inder contents are a lmost identical up to the 4000 cycles. Much larger rut 
depth values (a lmost double the 3% rut depth values) are exhibited by the 4% 
b inder content m ixtures. 
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Table 4. 20. RAK Mixture Rut Depths (Middle limit Grade D istribution) 
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Figure 4 .2 :  RAK Mixture Rut Depths (Midd le Lim it Grade Distribution). 
The resu lts shown table 4 ,21  and Fig ure 4,3 (for the upper grade d istribution 
of R .A.K aggregate) indicate a lmost no d ifference in rut depth for the 3% and 
3 .5% binder content mix designs. 
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Table 4 .2 1 .  RAK Mixture Rut Depths (Upper Limit G rade Distribut ion) 
STROKES 
• RIGHT (3.0% binder content) • M I DDLE(3.5% binder conten) LEFT (4.0% binde r conten 
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Figure 4 .3 :  RAK Mixture Rut Depths ( U pper L imit Grade Distribution), 
4.4.2 APA Resu lts for F uj a i ra h  Agg regates 
Tables 4 .22 through 4 .24 i l l ustrate the resu lts of the APA test ( rut depths) for 
lower, middle a nd upper grade d istributions of the Fujairah aggregates, Table 
4 .22 and Figure 4 .4  show the APA rut depth for the Fuja i rah aggregates with 
the lower l im it g rade d istribution ,  At 4000 cycles, the 3% and 3 ,5% binder 
98 
content mix design are same, but for 8000 cycles the 3 . 5% binder content mix 
design showed s l ightly lesser rut depth than the 3% mix .  
Table 4.22. Fuja irah M ixture Rut Depths (Lower Limit Grade Distribution) 
·\'l r ·� - '·· ��-' �· .�r.;;i��i!\i�tfh�ir"�� _>;lj',""'"'-"'�1k"'i"""'""·�;r�·'f'"· . ''" ' 
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STROKES RIGHT (3.0%) MI DDLE (3.5%) LEFT (4.0%) 
0 0 0 0 
1 000 0. 44 0.85 0 . 6 1  
2000 1 . 06 1 . 1 4  0 .92 
3000 1 . 36 1 .24 1 .27 
4000 1 . 57 1 . 54 1 .73 
5000 1 .9 1 .76 2 . 1 6  
6000 2 . 07 1 . 93 2 .29 
7000 2 . 36 2 . 1 2  2 .72 
8000 2.55 2 .34 3 . 02 
















� 1 .9 
- 1 . 8  
.... 1 .7  
.... 1 .S  
::> 1 . 5  c:: 1 . 4  
1 . 3  
1 .2 



















� . .  
. ; 









.,.. ': ! . � Ii 
. , . 
l ,,� h " f· " h ! .  
I '" 
, , • 
T ,;., 







t�·, v /  1 �: :.l .�< "T.· q .  t L .t· "" i" " ; r " " " ,. . , .... l ',' t,·· : · · -
1ci , � 1- I .' '0 "" .. 
" I .< . ..... :". I CO" ." ".' .1 " �' 1 f'.ft:t- .ii ;'. 
, . J ·'l�· • .." 
�'. " _,,-"1 . !", .... 'C· n, ' - . • - j' 'iI'. 
.: ...i.. .. �, .- ,,'., � , l-'� ,1\ .". .. '. I . ' . ; "'!. I' • j ,,", -I < • , ! 
" 
I "  " 
,S .. i i ', . j" , ... '1' 1-
! " ! 
'l ', ' .. r. 
.r � ',[ ',. 
'. i� j ! .. I 
, ' " 
. .. , ... . , . 
,. 
I 
3000 4000 5000 SOOO 
No. of Strokes 
'''1'' 1 "" . .  'j'" ·c. I �"'" j .,s V ·r .:1. ' .. -, f ' 'L .-c.,: .�:. ,',1 u .�' . • :.-J f " ,.' , -':-" ! , ','1' p '. :)j . t •  ;0' 
: ., • .A ···, '5' l, . .. 
1 • ! . '  1 ', '",--2' 
• ;.,. " . . 
';." ,'1" . . ", .�. '''' .,� . . ' . 1' - , j .. :,' 0 ,,, . , . ' '� .. . f 
;:1 . .. ,,- ', :, �., 
' " "'- ." �. ;., " > 









,', " . .  , 
�,,: ,. ''': 
,,:'. �., " '''1 
9000 10000 
Figure 4.4 :  F UJAI RAH Mixture Rut Depths (Lower L imit Grade D istribution) .  
99 
Table 4.23 and F igure 4.5 show the APA resu lts for the Fujairah aggregates 
with the midd le grade d istribution. The 3 .5% mixtures exhibited least rut 
depths among a l l  other m ixtures,  and the 3% exhib ited the worst. 
Table 4.23.  Fuja irah M ixture Rut Depths (M idd le  Limit Grade Distribution) 
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Table 4.24 and F igure 4.6 show the APA results for the Fujairah aggregates 
with the upper g rade d istribution .  For the 1 000 cycles,  the 3 .5% showed the 
least rut depth. For the 4000 cycles, the rut depth is approximately the same 
for al l  b inder contents. For the 8000 cycles, the 4% binder mix showed least 
rut depth , whi le the 3% and 3 .5% binder mixtures exhi bited s imi lar  h igher rut 
depths. 
Table 4.24. Fujairah M ixture Rut Depths ( Upper L imit Grade Distribution) 
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4.4.3  APA Resu lts for AI Ai n Agg regates 
Table 4 .25 and Figure 4 .7  show the APA results for AI-Ain aggregates with 
the lower grade d istribution .  It can be concluded that the 3 .5% b inder content 
is least in exhibit ing rutt ing . The 4% b inder content resulted in m uch higher 
rutting values as compared to the 3% and the 3.5% binder mixtures. 
Table 4 .25 .  AI-Al i n  Mixture Rut Depths (Lower Lim it G rade Distribution) 
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Table 4 .26 and Figure 4 .8  show the APA results for AI-Ain aggregates with 
the m iddle g rade d istribution.  It can be concluded that the 3 .5% b inder content 
is worst i n  exhib iti ng rutt ing .  The 3 .5% binder content resulted in h igher rutting 
values as compared to the 3% and the 4% binder m ixtures . 
Table 4 .26.  AI-Al i n  Mixture Rut Depths (Middle l imit Grade Distribution) 
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Table 4.27 and Figure 4 .9  show the APA results for AI-Ain aggregates with 
the upper grade d istribution .  It can be concluded that the 3.5% binder content 
is least in exhib it ing rutti ng .  On the other hand, the 3% binder content resulted 
exhibited h ighest rutt ing values. 
Table 4.27. AI-Al i n  M ixture Rut Depths (Upper Limit G rade Distribution 
• RIGHT (3.0% binder content) • MI DDLE(3. 5% binder content) LEFT (4.0% binder  content) 
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4.5 Conc l ud i ng Rema rks 
This chapter showed all the experimenta l work results obtai ned from the 
Marshal l  and the Superpave and APA testing . The results obta ined are quite 
exhaustive and variant. For example,  some aggregates may exhi bit least 
rutting under one condit ion and worst under another. Tabulating these data to 
use in  the PMS could be a very difficult task. Furthermore, the obta ined 
resu lts should be ana lyzed in  deta i l  to ind icate the factors of s ign ificant impact 
on the various m ixture characteristics and performance measures. For 
example ,  the aggregate type may have a sign ificant impact on rutti ng but not 
as s ign ificant as the gradation. Also, the i nteraction effect of factors on the 
various performance measures must be studied. With this d iscussion ,  it is  
then recommended to uti l ize the data presented i n  this Chapter to develop 
factoria l  experimenta l design models (FEDM) for the various mixture 
characteristics and performance. That wi l l  be the focus of Chapter 6. 
Chapter F ive 
Chapter Five 
Pavement Data Col l ection and Distress 
Evaluation 
5 . 1  I ntrod u ct i o n  
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The a im of this chapter is to describe the data col lected from D ubai  M u n icipa l ity. 
This data were col lected to ca l i b rate a factor ia l  experimenta l design model 
(FEDM)  for d istress eva luation as wi l l  be described i n  Chapter 6 .  The data were 
gathered p rimari ly from the of the pavement management system (PMS) section 
and the traffic control center of Duba i  mun icipa l ity . 
Dubai  M u n icipa l ity started the app l ication of PMS for its h ig hway network in  
1 998.  MicroPaver software is adopted for the pavement eva l uation and network 
defin it ions .  Ma intenance works a re estimated based on Pavement Cond it ion 
I ndex (PC I )  and actua l  d istress quantit ies. Th ree d ifferent ma intenance pol icies 
(Rout ine ma intenance , P reventive maintenance and M ,  R & R maintenance) a re 
appl ied separately based on the est imated va lue of the PCI  compared to some 
critica l PC I .  Rout ine ma intenance is app l ied for sections with PCI rang ing from 56 
to 85 for h igher  class roads  (F reeway, Expressway, A rterial and Col lectors) and 
sections with PCI rang ing  from 4 1  to 70 for loca l roads .  Preventive maintenance 
is  app l ied for sect ions with PC I  rang ing from 86 to 1 00 h ig her class roads 
(F reeway, Expressway, A rteria l and Col lector roads) and sections with PCI 
rang ing from 7 1  to 1 00 for Loca l roads .  M, R & R maintenance is appl ied for 
sections with PC I  of less than 56 for h igher class roads (F reeway, Expressway, 
Arter ial and Col lector roads) and sections with PCI of less than 4 1  for Loca l 
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roads.  D u ba i  Mun icipa l ity has two su rface types,  Aspha ltic concrete pavement 
and dense b itumen macadam. 
5.2 Data C o l lected 
The data col lected from several roads under the a uthority of Dubai  M u n icipal ity 
Roads M a intenance Sect ion .  The network sections are assessed systematica l ly 
and stored on the M icro-Paver d atabase. Several roadway sections were 
selected to cover a l l  factors and leve ls .  The selected roads are AI Maktoum Rd , 
A i rport Rd , AI I tti had Rd ,  AI M ussa l la Rd (Deria ) ,  Umr Ibn  AL-Khattab Rd , AL 
Khaleej Rd , Salah AL Din Rd , AL Wuheida Rd , AL Dhiyafa Rd, AL Seef Rd , AL 
M ussal la (Duba i )  Rd, M ankhool Rd , Umm Suque im ST, and AL Sh indagha 
Rd . [90] 
Table 5 . 1 shows the fi na l  prepared data sheet for the pavement cond it ion and 
d istress eva luation . The entries of the table i nc lude the pavement type,  age, 
structura l  number and the equ ivalent s ing le axle load (ESAL) .  These fou r  factors 
wi l l  represent the i nputs to the factor ia l  experimental design model  FEDM to be 
represented in Chapter 6. Two types of pavement structu res a re considered ;  
dense b itumen macadam (DBM) and aspha ltic cement pavement (ACP) .  The 
DBM is used mostly in  freeways, expressways, arteria l  roads and some of 
col lectors . The AC P i s  used mostly in some co l lector roads and local streets. 
The pavement age factor has three levels of ( 1 - 1 0) years , ( 1 0-20)  years and (20-
30) years . The structura l  number (SN)  factor has th ree levels of (0-3 .2 ) ,  (3 .2-4 . 5) 
and (4 . 5-7 .0 ) .  The equ ivalent s ing le axle load (ESAL) has a lso three levels of 
( less than 1 ,000 , 000) , ( 1 , 000,000-5 , 000,000) ,  and (more than 5 , 000 ,000) .  
The responses (output of  the FEDM) inc lude present cond it ion index (PC I ) ,  
percentage load (the percentage of  d istresses attr ibuted to  excess ive load 
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causes) ,  percentag e  c l imate (the percentage of d istresses attr ibuted to severe 
c l imatic cond it ions) and  percentage of others (the percentag e  of d istresses 
attributed to other factors such as mix  desig n ,  etc) . 
The "percentage load" response factor represents the percentage of the 
pavement d istresses that relates to the d istresses of a l l i gator cracks , edge 
cracks , potho les ,  rutt i ng , and shoving .  The "percentage c l imate" response factor 
represents the percentage of the pavement d istresses that re lates to the 
d istresses of b lock cracks , joint reflect ion cracks, long itud i na l  and transverse 
cracks and weather ing and rave l i ng .  The "percentage others" response factor 
represents the percentage of the pavement d istresses that relates to the 
d istresses of b leed ing , b umps and sags, corrugat ion ,  depressio n ,  lane/shou lder 
d rop off cracks , patches ,  pol ished agg regate, s l ippage cracks and swel l i ng .  
The structu re number  (SN)  uti l ized in the mode l  was calcu lated from the 
d rawings of the x-sect ions of the selected h ig hway. The ESAL values were also 
calculated from the traffic counts and composit ions done on the h ig hway sectio n .  
Fol lowing be low i s  an example o f  t h e  ca lculations o f  the ESAL and the SN for the 
a rteria l  known by AI Maktoom road . The pavement condit ion a long the roadway 
sections varies between excel lent to good cond it ion with the PC I  rang ing from 89 
to 6 1 . Also, AI Maktoum road has an averag e  annual da i ly  traffic (MDT) of 
1 9393 (accord ing to the 2002 cou nts) . The percentage of trucks is estimated to 
be 5 .6% with the truck factor to be 2 .2  (accord ing to Dubai  M u nic ipa l ity code of 
design ) .  The ESAL is estimated as fo l lows : 
N umber of trucks= MDT X % trucks = 1 9393 X 5 . 6% = 1 086 .008  
ESAL = truck factor X n umber o f  trucks X 365= 2 .2X1  086 .008X365 = 872058 
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The S N  of the h ighway section is  calculated us ing the wel l-known SN form ula as 
fol lows [92 , 93 , 94] :  
Where 0 1 , O2 and 03 are the th icknesses of the various pavement layers ; m2 and 
m3 a re d ra inage  coeffic ients; a nd a 1 , a2, and a3 are the layer coefficients . AI 
Maktou m  road is comprised on ly  of two layers ; a 250 mm layer of a su rface 
cou rse (with a l ayer coeffic ient a1 of 0 . 42) ,  and a 1 50 mm base cou rse (with a 
layer coeffic ient a2 of 0 . 1 4  and a d ra inage coeffic ient m2 of 1 ) . As such the S N  of 
AI Maktoum road is calcu lated as fol lows : 
S N  = (0 .42) X (250mm) + (0 . 1 4) ( 1 50mm) ( 1 )  = 1 26mm/25 .4  = 4 . 96 .  
Table 5 . 1 . I n put Factors and Response to the Pavement Condit ion FEDM.  
Factor 1 Factor 2 Factor 3 Factor 4 
(A) (B) (C) (D) Response 1 Response 2 Response 3 Response 4 -
Pavement Age Stru ctu ra l  
Section Ty p e  ( Years )  N u mber ESAL PCI % LOAD % C LIMATE % OTHERS -
1 DBM 20-30 4 . 5-7.0 less 1 , 000,000 65 0 1 5 .27 84 7 3  
2 DBM 20-30 4 . 5-7.0 less 1 , 000,000 89 0 7 1 22 28.78 
3 DBM 20-30 4 . 5-7.0 less 1 , 000,000 77 4 . 8  72.74 22 .46 
4 DBM 1 0-20 4 5-7 . 0  less 1 , 000,000 72 1 4 . 1 1  76. 1 8  9 . 7 1  
5 DBM 20-30 4. 5-7. 0  less 1 , 000,000 66 0 75.06 24 . 94 
6 DBM 20-30 4 . 5-7. 0  1 , 000,000-5 000, 000 76 0 63.32 36 68 
7 DBM 20-30 4 . 5-7.0 1 , 000,000-5, 000,000 78 0 58.76 4 1 .24 
8 DBM 20-30 4 . 5-7.0 1 , 000,000-5, 000, 000 75 0 87. 1 8  1 2 .82 -
9 DBM 20-30 4. 5-7. 0  1 , 000,000-5,000, 000 77 37.84 50. 3 9  1 1 . 77 
1 0  DBM 20-30 4 . 5-7.0 1 , 000,000-5, 000, 000 6 1  39.28 43.73 1 6 99 
1 1  DBM 20-30 4 . 5-7 .0 1 , 000,000-5,000,000 68 0 56.66 43.34 
1 2  DBM 1 0-20 4 . 5-7.0 1 , 000,000-5,000 , 000 8 1  29.76 0.22 70.02 
1 3  DBM 1 0-20 4 . 5-7 .0  1 , 000,000-5,000,000 62 56.69 0 . 57 42.74 
1 4  DBM 1 0-20 4 . 5-7.0 More 5 , 000,000 72 53.07 0. 1 2  46 . 8 1  
1 5  DBM 1 0-20 4 . 5-7.0 More 5 , 000,000 7 1  52 . 2 3  1 . 99 45.78 
1 6  DBM 20-30 4. 5-7.0 More 5,000,000 72 0 80.99 1 9 . 0 1  
Table 5 . 1 .  Cont .  I n put  Factors and  Response to the Pavement Cond it ion F E D M .  
-
1 7  DBM 20-30 4 . 5-7 .0  More 5 , 000,000 68 0 60 88 39 1 2  -
1 8  ACP 1 0-20 0-3.2 More 5 , 000,000 78 0 � 54 .72 45.28 - -
1 9  ACP 20-30 0-3.2 More 5 , 000, 000 24 42 94 5 . 7 1  5 1  35 
20 DBM 1 0-20 0-3 2 More 5 , 000,000 74 0 87 . 9 1  1 2 . 09 
; 2 1  DBM 1 0-20 0-3 . 2  More 5 , 000,000 82 0 1 00 0 
22 DBM 1 0-20 0-3.2 More 5 000,000 77 0 92 .26 7 .74 
23 DBM 1 0-20 0-3.2 More 5 , 000,000 77 0 55 .43 44 . 57 
24 DBM 1 0-20 4 . 5-7. 0  less 1 ,000, 000 64 37.27 1 9.82 42.91  
25 DBM 1 0-20 4. 5-7 . 0  less 1 , 000, 000 67 43.56 24.89 31 . 5 5  
26 DBM 1 0-20 0-3.2 1 , 000, 000-5,000,000 98 0 66.66 33.34 
27 DBM 1 0-20 0-3.2 1 , 000,000-5,000, 000 97 57.3  9 28 33. 4 1  
28 DBM 1 0-20 0-3.2 1 , 000,000-5,000, 000 98 4 1 . 9 3  1 3 .49 44 .58 
29 DBM 1 0-20 0-3.2 less 1 , 000, 000 89 0 96.07 3 .93 
30 DBM 1 -1 0  4 . 5-7.0 1 , 000,000-5,000, 000 68 52 .66 35.01  1 2 . 33 
31  DBM 1 -1 0  3 . 2-4 . 5  1 , 000 , 000-5,000, 000 7 1  34. 1 4  23.6 1 4225 
32 ACP 1 - 1 0  3 . 2-4. 5  less 1 , 000, 000 94 0 2 . 1 9  97. 8 1  
33 ACP 1 0-20 3.2-4 . 5  less 1 ,000, 000 89 0 1 0.24 89.76 
34 DBM 1 0-20 4 . 5-7 .0 less 1 , 000, 000 74 6 1 . 3  34.67 4 .03 
Table 5 . 1 .  Cont .  I nput Factors and  Response to the Pavement Condi t ion F E D M .  
-
35 ACP 1 - 1 0  3 2 -4 . 5  less 1 , 000,000 97 0 0 1 00 
36 ACP 1 - 1 0  3.2-4 . 5  less 1 , 000,000 99 0 0 1 00 
37 ACP 1 0-20 4 . 5-7.0 1 , 000,000-5, 000, 000 96 0 0 1 00 -
38 ACP 1 - 1 0  4 . 5-7 .0  1 , 000, 000-5 , 000, 000 55 38.39 45.6 1 1 6. 0 1  
39 ACP 1 - 1 0  4 . 5-7.0 1 , 000,000-5,000, 000 49 34 .69 44 . 2 8  2 1 .03 
40 ACP 1 0-20 4. 5-7 . 0  less 1 , 000,000 99 0 1 00 0 -
4 1  DBM 1 0-20 4 . 5-7 . 0  less 1 , 000,000 76 56 .66 2 7 . 5 5  1 5 .79 --
42 ACP 1 0-20 3 . 2-4 . 5  1 , 000,000-5,000, 000 80 0 54 . 1 5  45 8 5  
4 3  DBM 1 0-20 3.2-4 . 5  1 , 000,000-5 , 000, 000 77 5 . 8 1  69. 1 25.09 
44 ACP 1 0-20 4 . 5-7.0 less 1 , 000,000 88 0 94 05 5 . 95 
45 ACP 1 0-20 4 . 5-7.0 less 1 , 000, 000 89 0 96 .47 3 .53 � 
46 ACP 1 0-20 4 . 5-7 .0 less 1 , 000, 000 9 1  53.99 1 1 .4 9  34. 52 
47 ACP 1 0-20 4. 5-7.0 1 , 000, 000-5 , 000,000 95 0 93.39 6.61 
48 ACP 1 0-20 4. 5-7. 0  1 , 000, 000-5, 000,000 96 0 86.42 1 3.58 
49 ACP 1 0-20 4. 5-7. 0  1 , 000, 000-5,000,000 98 0 40.97 59.03 
50 ACP 1 0-20 4. 5-7 0 1 , 000 000-5 000, 000 7 1  8 1 . 5  1 1 .63 6.87 
5 1  ACP 1 0-20 3. 2-4.5 1 , 000,000-5,000, 000 1 00 0 0 0 
52 ACP 1 0-20 3.2-4 . 5  1 , 000,000-5, 000 , 000 97 0 1 00 0 
53 ACP 1 0-20 3.2-4 . 5  More 5 , 000,000 70 0 2 1 . 0 9  7 8 . 9 1  
54 ACP 1 0-20 3 . 2-4 . 5  More 5 , 000,000 67 0 8 . 09 9 1  9 1  --� 
Chapter S ix  
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Chapter S i x 
Factorial Experi mental Des i g n  Models 
The resu lts of  the experiments d iscussed ear l ier  a re uti l ized here in  to ca l ibrate 
separate factor ial experimental design models .  Two types of models were 
developed ; one for the var ious design propert ies estimated by the Marshal l  
and the APA tests , and the second for the assessment of the pavement load-
and env i ronmenta l-re lated d istresses. 
6 . 1  Factorial Experimental Model for Mix Design 
A factor ia l  experimental des ign model (FE DM) is  developed here for 
q ua ntify ing the effect of the three experimental factors (aggregate g radations, 
aggregate types and b inder content) , their  levels, and interact ions on the mix 
propert ies such as the stab i l ity , f low, stiffness and loss of stab i l ity. 
6 . 1 . 1  Form ulation of the FEDM for Mix Design 
The FDEM can be uti l ized to est imate the expected mix property ( response), 
}� at any other factor values as fol lows : 
Where :  
}' . k '  expected va lue of m ix  property ; 
jl k . g rand mean of estimated mix property , k ; 
j, j '  , j " :  factor i nd ices (e . g .  aggregate g radation with i ndex = 1 , b inder 
percent index =2 , agg regate types with index = 3) ;  
I, 7 '  , l" :  level i nd ices (e . g .  aggregate g radation has 3 levels) ; 
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n umber of levels of factor j; 
effect of the fh level of factor j; 
/3) I ,  J' : 2nd level i nteract ion or jo int effect of the fh level of factor j, and the 
l' th level of factor i ' ; 
Y , ,I ]' /'Jr : 3 rd level i nteract ion effect of the fh level of factor j, the l ' th level of 
factor j ' , and the r th level of factor j" ; 
G : i ndependent random error term of normal d istri but ion with zero 
mean and common var iance.  
In  the FEDM ,  the fol lowing restrict ions app ly :  
L L 
� � /3 1 , /, = 0 L.. L.. } ,} , 1 =1 1=1 
L ·  L L 
, Vi = 1, . . . . , J  
, Vi = 1 ,  . . .  , J , V}' = I , . . . . .  , J  




I t  can be shown that under the above restrict ions,  there wi l l  be on ly one 
un ique defin it ion for each of the parameters in  equation ( 1 )  [95] .  The 
parameters of the above model  are determined us ing analysis of variance 
with the data col lected from the Marsha l l  and the APA tests . The software 
Des ign-Expert [96] was u sed for the FEDM ca l ib ration .  I n  th is paper, a model 
of 3- level i nteract ions is considered for the m ix design properties . 
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6 . 1 . 2 D isc u s s i o n  of R e s u l ts of t h e  F E DM fo r M i x  Des i g n 
F ig u re 6 . 1  through F igure 6 7 shows the FEDM's  for stab i l ity, flow, st iffness , 
loss of stab i l ity , rutt ing at 2000 cycle , rutt ing at 5000 cycle and rutt ing at 8000 
cycle .  These cycles were selected to rep resent the d ifferent traffic loading 
cond it ions ( l i ght ,  med ium,  and heavy) . 
F ig u re 6 . 1  shows the f inal coded form of the Stab i l ity F E D M .  I t  comprises 
th ree b locks; the mean effect , the factors' effects , and the selected three-level 
In te ractions' effects . For m u lt i - level categorical factors (such as A) ,  the coded 
coefficient (such as the -524 .66 of A 1) is the d ifference between the mean 
effect and the rea l  coeffic ient of stab i l ity for aggregate g radation from A 1  
g roup .  Also the coded coeffic ient (such a s  - 1 47 .99  of A2) i s  the d ifference 
b etween the mean effect and the real coeffic ient of stab i l ity for aggregate 
g radation from A2 g roup .  
S im i larly, the  coeffic ient of B 1  rep resents the  d ifference between the mean 
effect and the real coefficient for material types. F inal ly ,  the coefficient of the 
last level of any factor (or i nteract ion) is determ ined by the equations (2) 
through (4) I t  is the negative sum of al l the other levels'  coded coefficients 
(e . g .  A3 = - (-524.66- 1 47 .99)  = +672 .65) .  The est imated stab i l ity of any 
g rad ing or materia l  types or b inder content percentage is calcu lated as the 
sum of the mean effect and levels' real coefficients. 
tabil ity = 
+ 2 1 1 5 . 6 1  
- 524.66* A [ l ]  - 1 47 .99* A[2] 
- 1 30.60* B [ l ]  +3 1 0 .99* B [2] 
+6.22* C [ l ]  +93 . 5 6 *  C[2] 
+82. 3 6 *  A [ l ] B [ l ]  - 1 03 . 3 8 *  A[2] B [ 1 ]  
- 3 5 . 78 * A [ 1 ]B [2] +6 1 .2 1  * A [2]B[2] 
+6 . 8 2 *  A[ l ]C [ l J  + 1 1 .06* A [2]C [ l J 
-44. 76 *  A [ 1 ]C [2] -3 1 .64 *  A [2]C [2J 
-68 .2 1 * B [ l ] C[ l ]  - 1 32 . 3 1 * B[2J C [ 1 ] 
+2 1 . 9 1  * B [ 1 J C [2] -3 6 . 3 5 *  B [2]C [2] 
-85 . 5 3 *  A [ l ] B [ l ]C[ l ]  -32 .0 1 * A [2JB [ 1 ]C [ 1 ]  
..!- 1 72 .08*  A [ 1 J B [2] C [ 1 ]  -40 . 77* A [2] B [2]C [ l J 
-22 .98 * A[ 1 ] B [ 1 ]C [2J  -3 1 .07* A [2] B [ 1 ]C [2] 
+48 . 5 3 *  A [ 1 ] B[2] C [2]  + 1 3 .8 1 * A [2] B [2]C [2] 
(a) Stab i l ity FEDM 
A :  Gradation Aggregate Factor 
A [ 1 ] : Lower Limit.  
A [2J : Middle Limit.  
A [3] : Upper Limit.  
B: Materials Types. 
B [ 1 ] : Al-Ain Aggregate . 
B [2] : Faj airah Aggregate . 
B [3 ] : R.A.K Aggregate. 
C :  B inder Content. 
C [ 1 ] : 3 % binder content. 
C [2] : 3 . 5 %  binder content. 
C [3 ] : 4% binder content. 
(b) L ist of abbreviations for factors and leve ls 
F ig u re 6 . 1 :  Stab i l ity Factor ia l  Experimental Design Model  
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Table 6 . 1  i l l ustrates the statistical resu lts of the above F E DM-stab i l ity model .  
The overa l l  model F-va lue  is  about 7 3 . 33 imp l ies the model is s ign ificant with 
lesser than 0 . 0 1  % chance that a "Model  F-Va lue" th is large cou ld occur  d ue to 
no ise .  Accord i ng to the stat istics i l l ustrated in the last co lumn ,  Va l ues of "Prob 
> F"  less than 0 . 0500 ind icate model terms are s ign ificant . In this case A, B ,  
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C .  AB , BC,  ABC a re s ign ificant model  terms.  Va l ues greater than 0 . 05000 
ind icate the m ode l  terms a re not sign if icant. If there are many ins ign ificant 
m ode l  terms (not cou nt ing those requ i red to s upport h ierarchy) . m odel 
redu ct ion m ay improve your mode l .  In the case of the FEDM-Stab i l ity model .  
a l l  factors and i nteract ions up to the th i rd level are determ ined to be  s ign ificant 
as shown in the fol lowing tab le .  The R-sq uared va lue of the m ode l  is  0 . 9734. 
and the adjusted R-squared is  0 .9602 .  
Tab le 6 . 1 .  Ana lysis of Variance (ANOVA) for the FEDM-Stabi l ity 









u rn  of 
q u a re 
2.709E+007 
2 024£ .... 007 
3 950£- 006 
. 062£- 005 
2 4  O£-OO ' 
1 . 3 1 6£- 005 
1 2'"' l E- 006 
'7 463£- 00 ' 
Flov,' = 
-3 . 1 5  
D F  
26 1 .042E+006 
2 1 012£+ 00":' 
2 1 9 75£+006 
2 2 53 1£+ 005 
4 61 995 49 
4 328 1 0  
4 3 1 76£+005 
8 932 - 9 1  
,0. 1 8 * A [ l ]  -0. 1 2* A[2]  
+0.29* B [ l ]  -0.3 3 *  B [2 ]  
-0. 1 4*  C [ l ]  -9 . 877E-003*  C [2]  
-r0.25 *  A [ l ] B [ l ]  -0 . 38*  A[2]B[ 1 ]  
-0.094* A[ l ]B [2] +0 . 099* A[2]B [2]  
-0 . 1 1 * A [ l ]C [ 1 ] +2 .469E-003 * A[2]C[ 1 ]  
- 1 .235E-003 * A[ 1 ]C [2]  +0.0 1 4* A[2]C [2] 
-0.049* B [ 1 ]C[ 1 ]  +0 . 1 1 *  B [2]C[ 1 ]  
F 
Value 
73 .33  
�12 1 6  
1 39. 00 
1 'j  81 
-1 36 
2. 3 1  
2 2  3 5  
6 56 
-4 .938E-003 * B [ 1 ]C [2] +9 .877E-003*  B [2]C[2]  
,4 .93 8E-003 * A[ l ]B [ l ] C [ l ]  +0 .0 - 7  *A[2] B [ 1 ]C[ 1 ] 
+ 1 .2 35E-003 * A[ 1 ]B [2 ]C[ 1 ]  +0 .098* A[2]B[2]C[ 1 ]  
-0 .05 1 * A [ 1 ] B [ 1 ]C[2]'1 .23 5 E-003 * A[2]B [ 1 ]C [2] 
+0 . 1 6* [ 1 ]B [2]C[2] -0 . 1 1 * A[2]B [2]C[2] 
F ig u re 6 . 2 :  F low Factoria l  Experimental Design Mode l .  
Prob >F 
< 0.000 1 
< 0 0001 
< 0 0001 




< 0 0001 
t iffness = 
+690. 8 8  
- 1 99.07* A[ l ]  -27 . 96* A[2] 
- 1 05 . 3 8 *  8[ 1 ]  + 1 77.20* 8[2] 
+23 .42* C [ l ] +3 1 .47* C[2] 
+ 1 3 .06* A[ l ]8 [ 1 ]  +33 .92* A[2]8 [ 1 ]  
-24 .3 3 *  A[ 1 ]8[2] +2 .49* A[2]8 [2] 
,20 .02* A[ I ]C [ l ]  +3 .68* A[2] C[ 1 ]  
-2 1 . 86* A[ 1 ]C[2] - 1 0 . 1 4* A[2]C[2] 
- 1 1 .9 1  * 8 [ I ]C[ I J  -59 .73*  B [2]C[ l J  
+2 . 1 3  * 8 [ 1 ]C[2] -2 .66 * B[2]C[2] 
-37 .95 * A[ l ]B[ I ]C [ l J  - 1 5 .92 * A[2]B [ 1 ] C[ 1 ]  
+70.59 * A[ 1 ]8 [2]C [ l J  -37 .85  * A[2]B [2]C[ l J  
+8 .07 * A[ 1 ]B [ 1 ] C [2 ]  -6 . 5 5  * A[2]B [ l JC[2] 
- 1 9 . 85  * A [ l ]B [2 ]C[2] 27 .90 * A[2JB [2]C[2J 
F i gu re 6 .3 :  Stiffness Factorial  Experimental Design Model 
Loss of  Stability = 
+22.70 
-0 .84* A[ I J  - 1 .87* A[2J 
+2 .90* B[ I J  -4.28 *  B [2J 
- 1 . 5 8*  C[ l ]  -0 .80* C [2J 
-2 .66* A[ I JB [ l ]  +2 . 1 5 * A[2JB [ 1 ]  
-0 .78* A[ l ]B [2] - 1 .03* A[2JB[2J 
+3 . 2 1  * A[ l JC [ l ]  -0.84* A[2]C[ l ]  
- 1 . 09* A[ 1 ] C[2] - 1 .00* A[2]C[2] 
-0.24*  8 [ 1 ] C[ 1 ]  + 1 .48* B [2] C[ 1 ]  
+ 1 . 1 2* B [ 1 ]C[2J -0.43 * B [2]C[2J 
-0 . 1 6  * A[ l JB [ l ]C [ l ]  +0 .45*  A[2]8[ 1 ]C [ 1 ]  
- 1 .40 * A[ l ] 8 [2]C [ 1 ]  -2 . 9 1  * A[2]B [2]C[ 1 ]  
+3 .00 * A[ 1 ]8 [ 1 ]C [2] +0 . 33*  A[2] B [ l JC [2] 
-0. 5 1  * A[ l ] 8 [2]C[2] +0.40* A[2]8 [2]C [2] 
F igure 6 . 4 :  Loss of Stab i l ity Factorial Experimental Design Model 
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Rutting (Light Traffic onditions - 2000 cycles) = 
+0.86 
+0.5" * [ 1 ]  -0 .099* A[2] 
4-0.24*  B [ I ]  -0.20 * 8[2] 
-0. 1 7* C [ l ]  -0 . 1 1 *  C[2] 
-t-0.24* A[ l ]B [ l ]  -0. 1 8* [2]B [ 1 ]  
-0. 1 6* [ 1 ]B [2] +0. 1 5* A[2]B[2] 
-0 .26* A[ l ]C [ l ]  +0. 1 0* [2]C [ 1 ]  
-0 . 1 2* A [ 1 ] C [2] ,0. 1 0* [2]C [2] 
-0 .049* B [ l ]C [ l ]  +0. 1 8* B [2]C[ 1 ]  
-0 . 1 4* B[ 1 ]C [2] +0.090* B [2]C [2] 
-0 . 1 9* A[ l ]B [ l ]C[ l ]  +0 .044* A[2]B[ 1 ]C [ 1 ]  
+0.27* A[ 1 ]B [2]C[ 1 ]  -0.05 6* A[2]B [2]C [ 1 ]  
-0. 50* A[ 1 ]B [ 1 ]C[2] +0.3 8 *  A[2]B [ 1 ]C [2] 
+0.24*  A [ 1 ] 8 [2]C[2] -0.2 1  * A[2]B[2]C[2] 
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F igure 6 . 5 :  Rutti ng Factor ia l  Experimenta l Design Model  (L ight Traffic 
Condit ions - 2000 cycles) 
Rutting (Medium Traffic Conditions - 5000 cycles) = 
+ 1 .49 
-0.9 1  * A[ l ]  -0.24* A[2] 
+0. 1 1 * B [ l ]  -0.28*  B[2] 
-0 . 3 1 * C [ l ]  -0. 1 4* C[2] 
4-0.08 1 *  A[ l ]B [ l ]  -0 .20* A[2]B [ 1 ]  
-0 . 1 8 * A[ 1 ]B [2] +0. 1 1  * A[2]B [2] 
-0 .46* A[ l ]C [ l ]  +0. 1 6* A[2] C[ 1 ]  
-0 . 1 4* A[ l ]C [2] +0.063 * A [2]C[2] 
-0.074* B [ l ]C [ l ]  +0.3 3 * B [2]C[ 1 ]  
-0.23 *  B [ 1 ]C [2] +0.044* B [2]C[2] 
-0.062* A [ l ]B [ l ]C [ l ]  -0 .03 1 * A[2]B [ 1 ]C [ 1 ]  
+0.40* A[ 1 ]B [2]C [ 1 ]  +7.037E-003 * A[2 ]B [2]C[ 1 ]  
-0 .64* A[ 1 ]8 [ 1 ]C[2] +0. 52* A[2]B [ 1 ]C [2] 
+0.06 1 * A[ 1 ]B [2]C[2] -0. 1 4  * A[2]B[2]C[2] 
F igure 6 .6 :  Rutti ng Factor ial  Exper imental Design Model  (Med i um Traffic 
Cond it ions - 5000 cycles) 
Rutting (Highl) ongested CondItions - 8000 C, des) = 
;-1 .9 -
+ 1 .22* A[ 1 ] -0.42* [2] 
-0 . 1 2 *  B[ l ]  -0.23 *  B [2] 
-0 .32* C [ l ]  -0 . 1 5 * C[2] 
-0 . 1 1 * [ l ]B [ l J  -0. 1 8* [2JB [ 1 ]  
-0.30* [ l JB [2J +0. 1 2* A[2]B [2] 
-0 . 59* A[ l JC [ l J  +0 . 1 8 * A[2]C [ 1 J  
-0 . 1 3  * [ 1  JC[2] +0.056*  A[2]C[2] 
+0. 1 1 * B [ l ]C[ l ]  +0.45 *  B[2]C[ I ]  
-0 .28*  B [ 1 ]C[2] 0 .0 1 1 * B [2]C [2] 
+0.029* A [ 1 ]B [ 1 ]C[ 1 ]  -0.08 1 * A[2] B[ l ]C [ 1 ]  
+0 . 37* A [ l ] B [2]C[ 1 ]  +0.065 * A[2]B [2]C[ 1 ]  
-0 .68* A[ 1 ]B [ 1 ]C[2] +0.56*  A[2] B [ 1 ]C [2] 
-0 .024*  A [ 1 ]B [2]C[2] -0. 1 8 * A[2]B[2]C [2] 
1 1 9 
F igure 6 . 7 :  Rutt ing Factorial Experimenta l Design Model (H ig h ly Congested 
Traffic Cond it ions - 8000 cycles) 
Table 6 .2  i l l ustrates the statist ical resu lts of the above lower-level fitted 
models .  The flow model  F- with va lue of 1 6 . 1 6  i nd icates a s ign ificant overa l l  
model  with an  R2 va lue o f  0 . 88 .  T h e  loss o f  stab i l ity a n d  stiffness models also 
q u ite s ign ificant with the R2 value exceeding 90% . The rutt ing models are by 
far the best fitted models with very high f-statist ics and R
2 val ues approach ing 
one.  
Table 6 .2 .  Statistical Resu lts of the Lower-Level F itted Models 
Model  F -Statistic R
2 Adj . R2 
F low 1 6 . 1 6  0 . 88 0 . 8 3  
Loss of stab i l ity 3 1 .2 0 .93  0 . 9 0  
Stiffness: 50 .09 0 . 96 0 . 94 
• Rutting (2000, 5000 8000) cycles F's are very high values with R" -1 a 
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Figure 6 . 8  through fig u re 6 1 0  show the interaction of agg regate gradation 
and mater ia ls type for the 3 ,  3 . 5  and 4% b inder content. F igure 6 . 8  shows the 
I nteraction of agg regate gradation and materials types for 3% b inder content. 
As the gradation changes from the lower l im it to m idd le l im it, the stab i l ity 
Increases for the three aggregate types . The R .A. K aggregates shows h igher 
stabi l ity with the change of the agg regate g radation from lower to upper l im it .  
With the u pper l im it g radation ,  the Fuja i rah  agg regates exh ib ited h ighest 
stab i l ity compared to the R .A .K and AI-Ain agg regate . 
F igure 6 . 9  shows the interaction of aggregate gradation and mater ia l  types for 
3 . 5% b inder content. It can be seen that AI-Ain agg regates have h igher  
stabi l ity than R .A . K agg regates at lower l im it .  The stabi l ity of  a l-Ain 
aggregates becomes lesser than that of R .A. K agg regates when the gradation 
changes to m idd le l im it .  As the aggregate gradation changes to the upper l im it ,  
the stab i l ity of AI-Ain agg regate becomes h igher agai n .  The Fuja i rah 
aggregates have the h ighest stab i l ity among AI-Ain and R.A.K agg regates 
with a l l  g radations .  
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Figure 6.8: Gradation Stabi l ity Relationships for the 3% B inder M ixtures. 
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Fig ure 6.9: Gradation Stabi l ity Relationships for the 3 .5% Binder Mixtures.  
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FIgure 6 1 0  shows the I nteractIon of aggregate gradatIon and matenal  types 
for the 4% b inder content m ixtures. The RA. K  exhibited the least stabi l i ty 
va lues with a l l  aggregate gradations. And , the FUJa lrah  aggregates have the 
hIghest stabi l ity with all g radations .  
3594.5 
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Figure 6 . 1 0: G radation Stabi l ity Relationsh ips for the 4% Binder Mixtures. 
6 . 2  Factoria l  Experimental Model for Distress Eva l uation 
A factoria l  experimenta l design model (FEDM) is developed here for 
quantifying the effect of the various pavement management system (PMS) 
factors (such as  pavement type , age,  structura l number, and equ iva lent single 
axle load) ,  levels ,  and i nteractions on the present cond it ion index (PCI ) ,  
d Istresses percentages attributed to  load , d i stresses percentages attributed to 
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c l imatic cond itions ,  and final ly d istresses percentages attr ibuted to other 
factors (other than load and cl imatic cond itions) .  
6 . 2. 1  F o rm u lat i o n  of the F E DM for D i stress Eva l u at i o n  
A 2-level i nteractions' F E  OM mode l  is  deve loped for d istress eva luation .  The 
formu lat ion of the F E O M  for d istress eva luation is qu ite ana logous to that of 
the FEOM for m ix  des ign (d iscussed earl ier i n  Section 6 . 1 ) . The FOEM can be 
uti l ized to estimate the expected d istress-related response, }� (such as the 
PC I ,  % load attr ibuted d istresses , % c l imatic cond it ions attr ibuted d istresses, 
etc) as fo l lows: 
Where : 
}' . k '  
J L  v L J L  J L J L J L  
Yk=l'k + I I a  + I I I I fJ  ,/ ',/' + I I I I I I rJ,I ,/,I',J",I" + E (6 . 5) =1 =1 =1 1'=1 r1 =1 "=1 1"=1 ':1 1'=1 =1 1=1 
expected response va lue; 
g rand mean of estimated response k ;  
j. j ' , j "  : factor ind ices (e .g . pavement types with index = 1 , age index =2 ,  
structu ra l  n u mber with i ndex =3 , and equ ivalent s ing le axle load 
with index =4) ;  
I, l '  , / "  level i nd ices (e .g .  pavement types has 2 levels) ; 
L '  J n umber of levels of factor j; 
effect of the fh level of factor j; 
f3 J, 'J : 2nd level i nteraction or jo int effect of the fh leve l of factor j, and the 
l ' th level of factor j' ; 
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r I .I 3rd level i nteraction effect of the fh level of factor j, the l ' th level of 
factor  j ' , and the l" th leve l of factor j" ; 
E: :  i ndependent random error term of normal d istr ibution with zero 
mean and  common var iance .  
6 . 2 . 2  D i s c u s s i o n  o f  Res u lts of t h e  F E DM for D istress 
Eva l u a t i o n  
F igure 6 . 1 1 through  fig u re 6 . 1 4  shows the FE OM for the PC I , %Ioad-related 
d istresses , % c l imate-related d istresses,  and % other factors' d istresses . 
F igure 6 . 1 1  shows the f inal coded form of the FEOM for PC I .  I t  comprises 
three blocks; the mean effect, the factors' effects , and the selected three-level 
i nteractions'  effects . For mU lti- level categorical factors (such as A), the coded 
coeffic ient (such as the +7.66 of A 1) is the d ifference between the mean effect 
and the rea l  coeffic ient of pavement types from A 1  group .  Also, the coded 
coeffic ient (such as - 1 4 . 2 1  of B 1) i s  the d ifference between the mean effect 
and the rea l  coeffic ient of pavement age from B 1  group .  S im i la rly, the coded 
coefficient of C1 rep resents the d ifference between the mean effect and the 
real  coefficient for the structu ra l number. F ina l ly, the coefficient of the last 
level of any factor (or i nteraction)  is determined as the negative sum of a l l  the 
other levels' coded coefficients (e.g . B3 = - (- 1 4 .2 1 +20 .47) = +6 .26.  The 
estim ated PCI of any pavement type, age, structural number and eq u iva lent 
s ing le axle load is  calcu lated as the sum of the mean effect a nd levels'  rea l  
coefficients. 
P I = 
I 
.,...60 .89  
+7 .66*  A 
- 1 4 . 2 1 * B [ l ]  
+20 . 63 * B [2] 
-20.47 * D [ l ]  
.,...7 .04 * D[:?'] 
4-0 . 8 5  * AB [ 1  ] 
- 1 0 .97 * AB [2] 
-5 .46 * AD [ I ] 
+0.24*  AD [2] 
+32 . 56 * B [ l ]D [ I ] 
- 1 9 . 5 6  * B [2 ] D [ 1 ] 
77 .03*  B [ 1 ] D [2] 
(a) Present Condit ion I ndex FEDM.  
A :  Pavement Type 
A [ 1 ] : Asphalt Concrete Pavement. 
A [2] : Dense Bitumen Macadam. 
B : Pavement Age. 
B [ 1 ] : 1 - 1  0 (Years) .  
B [2] : 1 0-20 (Years). 
B [ 3 ] : 20-30 (Years) . 
C :  Structural Number. 
C [ 1 ] : 0-3 .2 .  
C [2] : 3 .2-4 . 5 .  
C [3] : 4 . 5 -7 .  
D : Equivalent S ingle Axle Load 
D [ I ] : less 1 ,000,000 
D [2] : LOOQ,OOO-5 .000.000. 
D [3 ] : More 5,000,000. 
(b) L ist of abbreViations for factors and levels .  
F i gu re 6 . 1 1 :  Present Cond it ion I ndex FEDM.  
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Table 6 . 2 i l l ustrates the statistical resu lts of the above FEDM-PCI  mode l .  The 
overa l l  model  F-va lue is about 9 . 7 1  imp l ies the model is s ign ificant with lesser 
than 0 . 0 1  % chance that a "Model F-Va lue" this large cou ld occur d ue to noise. 
Accord ing to the stat istics i l l ustrated in  the last co lumn ,  Values of "Prob > F" 
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less than 0 0 500 i nd icate model terms are s ign ificant. I n  th is case B. D, B .  
D. BD are s ign if icant model terms .  Values greater than 0 . 05000 ind icate the 
model terms are not s ign ificant. In the case of the F E D M -P C I  model  the A , 
a n d  C fa ctors were fou n d  i n s i g n ifica nt, a n d  o n ly A is  considered i n  the 
m o d e l  to c o m p l ete its h i rerarchy.  The C factor was de leted of the model to 
improve the overal l  model s ign ificance .  The R-sq uared value of the model is 
0 . 82 ,  and the adj usted R-sq uared is 0 .79 .  
Table 6 . 3 .  Analysis of Variance (ANOVA) for the FEDM-PCI  
u rn o f  Mea n F 
ou ree DF q u a re Value P rob > Fer 
Model 8 72.33 1 2  73 1 .03 9 70 < 0.000 1 
A 1 �. 1 7 1 r r  0 23 0.6358 
B 1 8r. 1 '] 918 90 12 1 9  < 0 0001 
D 639 45 ., 3 1 9  �3 4. 24 0 0212 N 
AB 1 3 2 1  12 '] 660. 56 8 76 0 000" 
AD 5r 92 2 268 96 3 5 7 0 03 73 
BD 2003 5 3 66'"' 95 8 6 0 0001 
Figures 6 . 1 2  through 6 . 1 4  show the developed upper-level models for d istress 
ca uses.  F igure 6 . 1 2  show the F E DM-Load model ;  for the percentage of 
d istresses mostly attr ibuted to excessive load causes (Al l igator crack, edge 
cracks , potholes , rutt ing , shoving) . F igure 6 . 1 3  show the FEDM-Cl imate 
model ;  for the pe rcentage of d istresses mostly attributed to c l imatic cond it ions 
(b lock cracks, jo int reflection ,  weathering and ravel l ing) .  F igure 6 . 1 4  show the 
FEDM-Other model ;  for the percentage of d istresses mostly attributed to 
factors other than load or c l imate (b leed ing , bumps and sags ,  corrugation ,  
depress ion ,  lane/shou lder d rop offs , patches, pol ished agg regates , s l i ppage 
carcks , swe l l) . 
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Figures 6 1 5  through 6 . 1 6  i l lustrate a sample of the FEDM-PCI results . F igure 
6 1 5  shows the relationsh ip between the pavement age and PCI for various 
ESAL levels ,  for the case of the DBM pavement type and structural number of 
the (4.5-7 0) level .  As shown, the PCI va lues differ significantly for the ( 1 - 1 0) 
age leve l ,  with worst performance associated with the h igher ESAL For the 
(20-30) age level, the PCI values become a lmost identical for all ESAL levels. 
F igure 6 . 1 6  shows the relationship between the pavement type and PCI for 
various pavement age levels where SN=4.5-7 and ESAL < 1 ,000,000. As 
shown i n  the figure ,  for the ACP pavement type, the ( 1 -1 0) and ( 1 0-20) age 
levels performed a lmost identica l ,  whereas the ( 1 0-20) and (20-30) age levels 
performed a lmost identica l  for the DBM pavement type. 
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Figure 6 . 1 5: Pavement Age-PCI Relationships for Various ESAL Levels 
(DBM Pavement Type and Structura l Num. = 4 .5-7.0) .  
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D B M  
Figure 6 1 6: Pavement Type-PCI Relationships for Various Pavement Age 
Levels (SN=4.5-7 and ESAL <1 ,000,000). 
6.3. Conclud ing Comments 
This chapter i l l ustrated the models and the resu lts of the FEDM for both mix 
design characteristics a nd pavement condition eva luat ion. As previously 
ind icated in Chapter 1 , these models a re the core models needed for the 
development of the pavement design gu ide l ines for expert system.  The upper 
level models (for pavement cond ition evaluation)  may be uti l ized to 
characterize the pavement network in  terms of expected performance over a 
specific  t ime horizon ,  and to categorize its major d istress causes. For 
exa mple,  for a highway section  if it was determined that its major d istresses 
wi l l  probably be load related (say rutting) ,  the lower level models (of the 
m ixture characteristics) can be used to reduce the rutting measures by 
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adjusting m ix characteristics by select ing the appropriate aggregate type, 
gradat ion and b inder  content consistent with the expected traffic load ing 
cond it ions S im i la rly ,  the " loss of stab i l ity" F E D M  model may be ut i l ized to 
generate the g u ide l i nes to enhance the propert ies of the m ixtures to 
overcome mostly the cl imatic conditions .  The "flow" F EDM model may be 
ut i l ized to d eve lop g u ide l i nes of the flow properties of the mixtu res which are 
mostly re lated to the "other" category of d istress causes . 
Chapter Seven 
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Chapter Seven 
Conc lusions and Recom mendations for Further 
Studies 
This chapter b riefly h igh l ights the conclusions of th is thesis, and addresses 
some of the potential  d i rect ions for future research . The chapter is d iv ided into 
two main sect ions .  Section 7 . 1  presented the conclus ions of th is thesis and 
sect ion 7 . 2  p rovides suggestions for fu rther stud ies .  
7 . 1  C o n c l u s i o n s  
The m a i n  contribution of th is study i s  the development of the P M S  FEDM 
models needed for  pavement eva luation and mixtures design .  These models 
a re rather  essent ia l  for mainta i n ing large-sca le networks with d iversity of 
load ing cond it ions ,  d i stress types, severit ies, and i ntens it ies. The PMS is a 
combinatoria l  p roblem in  nature, for the decis ion maker is faced with 
enormous amount of options that must be eva luated fa i rly and systematica l ly 
to a l locate the p riorities and select the optimal  maintenance and rehab i l itation 
(M&R) method for each segment in the network. When some sort of 
reconstruction or overlay ing is then needed , the designer should a lso take into 
considerat ion the causes of the orig ina l  pavement d istresses and enhance the 
mixture p ropert ies to a l leviate the repetit ion of the problem. The development 
of these models is rather more essential when the PMS is foreseen as 
"pred ictive" tool for management; if the PMS is  organ ized to optim ize the 
resources over long term future periods,  not j ust optimal  a l location of current 
resources .  That would then req u i re some sort of model ing to pred ict the most 
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probable causes of the pavement d istresses , select appropriate m ixtures for 
rehab i l itations ,  and then ut i l ize that for futu re cost est imates .  
The idea beh i nd the upper-level models for pavement cond ition evaluation is  
that pavement d istresses are commonly associated with fixed traffic 
cond itions ,  pavement structures,  types , and ages. As such ,  quantitative model 
were developed to identify the probable m ajor causes ( load ,  environment ,  or 
other factors) as a fu nct ion of traffic cond itions ,  pavement structura l  n umbers, 
pavement types and ages . These u pper-level set of models are i ntended as a 
p redict ion tool to assess the pavement cond it ion (PC I )  and identify the major 
d istress causes.  
The study has adopted an approach of uti l iz ing quantitative models at two 
levels ;  the upper  level is  to develop pred ict ive models for pavement cond ition 
eva luat ion (PC I determ ination) and identification of major d istress causes 
( load,  env i ronment, or other factors) , and the lower level is for the 
quant ification  of the mixtu re properties vis-a-vis three major factors 
(aggregate types,  g radat ion and b inder content) . The comb ined two-level 
models m ay be used as the basis for generating some sort of expert ru les as 
warranted .  
One of the advantages of developing the lower-level models i s  the red uction 
of the exper imenta l work effort needed for mix desig n .  The FEDM for m ixture 
characterist ics can be used to identify the factors (and levels or i nteractions) 
contrib utin g  s ign ificantly to the sought response , and as such red uce the 
amount of experimental work needed to optim ize some m ix characteristics 
without compromis ing the accuracy of the outcomes (response) .  I n  other 
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words ,  it a l leviates the need to cond uct the combinatoria l  set of experiments 
to identify such s ign ificant factors (or levels) . F rom the deta i led resu lts shown 
throug hout the thesis,  the fol lowing general conclus ive remarks can be made: 
1 .  The F uja i rah  aggregates exh ib ited h ighest stab i l ity and dens ity among 
the R .A .K  and AI-Ain agg regate because of surface textu re and the 
part ic le shape .  Also, F ujairah aggregate p roven to be more resista nt to 
weather ing because of low loss of stab i l ity . 
2 .  AI-Ain aggregate showed highest flow va lue 
3 .  The R . A . K  aggregates a re more absorbent of asphalt than the Fuja i rah 
and AI-A in  aggregate . 
4 .  T h e  resu l ts of rut depth showed that the Fuja i rah aggregates are more 
rutt ing resistant than AI-Ain and R .A .  K aggregates.  
5.  The d eveloped lower- level FEDM models are quite s ign ificant (with R2 
va l ues above 90%) ,  wh i le upper- level a re less sig n if icant (with R2 
va l ues ra ng ing from 70%) . This suggests a room to improve the upper 
level F E D M  models .  
7 . 2  Recommendations for F urther Studies 
The use of the FEDM quantitative mode l ing approach for pavement 
evaluation and  m ix design is  a novel idea. Desp ite of the ach ievements of this 
study and the d eveloped models, there a re sti l l  immed iate needs for resea rch 
and deve lopment in th is pa rt icu lar field . It is recommended that this PMS 
F E D M  quantitative model ing approach cou ld h igh ly benefit from further 
research in the fol lowing areas:  
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1 .  More i ndependent variables should be considered for the u pper-level 
mode ls .  Th is  is imp l ied by the relatively low R2 values. 
2 .  A comparative study may b e  conducted to cross reference t h e  Marshal l  
stab i l ity, f low and loss of stab i l ity values with the APA rutt ing results . 
That would be particu larly important for UAE pavement contractors 
who sole ly depend on Marsha l l  testing for their  design mix .  
3 .  This  study has cons idered the aggregate gradation with respect to its 
locat ion with in  the range of specification .  The characterization of us ing 
Superpave gradation such as be low the restricted zone ,  above the 
restr icted zone, and through the restricted zone is  a necessity, 
specia l ly as Superpave becomes a standard ized proced u re for m ixing 
design and testi ng in UAE. 
4 .  The d eveloped upper-leve l models cou ld be enriched by add ing more 
factors such as the orig ina l  m ix characteristics and d es ign .  Such 
information  cou ld  not be extracted from the data ava i lab le at Dubai 
Mun ic ipa l ity. If such data were ava i lab le ,  the qual ity of the upper level 
models m ay be s ign ificantly enhanced . 
5 .  Study ing the effect of other aggregate gradations or types such as 
ston e  m astic aspha lt and open grade agg regate represent other 
d i rections for futu re research . S im i la rly, studying the performance of 
mod ified aspha lt m ixtu res such as polymer mod ified , a nd rubber 
mod ified aspha lt or us ing add itives such as hyd rated l ime and fiber. 
6. A worthy investigating model ing approach is to com pare the 
performance in the fi led vs. the lab performance. The upper level 
F E D M  can be altered to accou nt for the fie ld performance (e .g .  rutt ing) .  
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Th is  part icu lar  model ing approach was not done due to the 
u nava i lab i l ity of s uch field data . Besides some of the lab propert ies 
( such  as stab i l ity , loss of stab i l ity) may be q u ite difficu lt to measure in 
fie ld  ( equ ipment to measu re these propert ies in fie ld do not exist) . 
F uture work may focus on find ing  ways to relate the fie ld performance 
with l ab  measurements, and perhaps devis ing/select ing equ ipments for 
such p u rpose.  
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Table A. I Marshall m ix design criteria. 
Light Traffic Medium Traffic Heavy Traffic 
Surface & Base Surface & Base Surface & Base 
M ix Criteria M in .  Max. Min. I Max. M in .  I Max. Compaction, 
number of blows 
each end of 35 50 75 
specimen 
Stabi l ity,N 3336  5338  8006 - - -( Ibs.) (750) ( 1 200) ( 1 800) 
F low, 0 .25 m m  8 1 8  8 1 6  8 1 4  
(0.0 1 in.)  
Air voids percent 3 5 3 5 3 5 
Voids in m ineral 
aggregate See table A.2 
(VMA), percent 
Voids fil led with 
asphalt(VF A), 70 80 65 78 65  75 
percent 
Table A.2 Minimum VMA requirements. 
Minimum VMA, percent 
Nonnal Maximum Particle S ize Design Air Voids, percent 
nun Openings/inches 3 .0 4 .0  5 .0  
1 . 1 8  No. 1 6  2 1 . 5 22.5 23.5 
2 .36  No.8 1 9.0  20.0 2 1 .0 
4.75 No.4 1 6 .0 1 7 .0 1 8 .0 
9.5 3/8 1 4 .0 1 5 .0 1 6 .0 
1 2 .5 Y2 1 3 .0  1 4 .0 1 5 .0 
1 9 .0 % 1 2 .0  1 3 .0 1 4 .0 
25 .0  1 .0 1 1 .0 1 2 .0 1 3 .0 
37 .5  l . 5 1 0 .0  1 1 .0 1 2 .0 
50 2 .0  9 .5  1 0 .5  1 1 .5 
63 2 . 5  9.0 1 0 .0 1 1 .0 
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Figure B. 1 :  R.A. K Aggregate( 3/4" ) .  
� � .& - ..&.-o L 
R .A. K Aggregate( 3/8" ) .  
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Figu re 8.3: R .A . K Agg regate( 3/1 6" ) . 
Figure 8.4:  AI-Ain aggregate( 3/4" ) . 
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F igure 8 . 5 :  AI-Ain aggregate( 3/8" ) . 
F igure 8.6:  AI-A in  aggregate( 3/1 6" ) . 
Figure B .7 :  Fujairah  aggregate( 3/4" ) .  
F igure B . 8 :  Fuja i rah aggregate( 3/8" ) .  
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Figure B . 9: Fujairah aggregate( 3/1 6" ) . 
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